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ABSTRACT
A set o f  reactor m odels for chem ical vapor deposition  (C V D ) of titanium  dioxide 
film s from  titanium  tetraisopropoxide (TTIP) in a vertical cold-w all C V D  reacto r has been 
developed. The effects o f  the carrier gas on the deposition o f T i0 2 film s w ere exam ined. 
The reaction m echanism  proposed by the earlier w orkers in our group was used for the 
reactor m odeling (S iefering and G riffin, 1990a; 1990b). The kinetic param eters were 
estim ated from  the reactor m odels at three levels o f approxim ation; i.e., a lum ped 
param eter (LP) m odel, a one-dim ensional stagnation point flow  reactor (1-D  SPFR) 
m odel, and a full 2-D  SPFR m odel. The 2-D  SPFR m odeling equations w ere solved 
using a control volum e based fin ite d ifference m ethod (SIM PLE). Based on the 2-D 
SPFR m odel, a m ore accurate activation energy for gas phase reaction was estim ated to 
be 55 kJ/m ole. I show ed that 1-D SPFR model provided a good agreem ent with the 2-D 
SPFR  m odel with our reactor geom etry. T he relationship betw een the carrier gas and 
pure T T IP  experim ents was explained by the collision theory.
C opper film s with low resistivity have been deposited  from  copper(II) hexa- 
fluoroacetylacetonate |C u(hfac)2| diluted by H2 in a horizontal w arm -w all C V D  reactor. 
T he effects o f  substrate tem perature and hydrogen pressure on the growth rate o f  Cu film 
w ere exam ined. A transport controlled regim e w as observed at substrate tem perature o f 
350°C  and H2 pressures above 300 Torr. On the o ther hand, a reaction controlled  regim e 
w as observed at the substrate tem perature o f 250°C  and low H2 pressure. A 2-D 
horizontal flow  reactor m odel was developed to describe the tem perature and
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concentration gradients. F irst, I calculated the surface concentration profiles by m atching 
the m easured grow th rates w ith a pow er rate expression. Using the predicted surface 
concentration profiles, 1 proposed a non-com petitive adsorption reaction m echanism  to 
give a m ore physically  realistic rate expression. K inetic param eters w ere estim ated based 
on both theory and m easured results.
xv
C H A P T E R  1
INTRODUCTION
C hem ical vapor deposition  (C V D ) is an im portant process em ployed in 
m icroelectronics m anufacturing for the deposition o f thin solid film s. H igh purity  solid 
film s w ith w ell-controlled properties can be deposited by C V D , in large part due to 
advances in the synthesis o f  organom etallic precursors. U sing chem ically  reactive 
precursors in CVD process is the m ajor distinction from  other conventional physical 
deposition  m ethods.
O ne o f  the advantages o f  the C V D  m ethod is excellent conform al coverage. It is 
able to fill high aspect ratio gaps and to provide high uniform ity across the w afer. Thus, 
the leading edge m icroprocessors can be fabricated with subm icron feature size. For 
exam ple, the In te l’s Pentium  60 M H z chip and IB M 's Pow er PC601 50 M H z chip have 
m inim um  gate length o f 0.65 and 0.5 pm, respectively (Denboer, 1994).
C V D  reactors are considered to be one o f the unit operations in the sem iconductor 
m anufacturing. H ow ever, a trial and error approach is frequently  used to obtain the 
optim al operating conditions for a specific reactor configuration. R ecently , several groups 
have show n that num erical sim ulations can play a vital role in the design o f  good reactors 
(G eller, 1993; W erner, 1993; M clnerney et al., 1993; Cale et al., 1993; and S tudiner et 
al., 1993).
T he single-w afer C V D  reactor is becom ing an increasingly im portant 
configuration. The advantages are low particle contam ination, efficient rem oval o f
reaction by-products, excellent uniform ity on large w afers, and easy w afer handling. A 
detailed  reactor analysis will be beneficial to optim ize the reactor geom etry  and the 
operating  conditions.
New  dielectric and m etal film s are being sought for advanced sem iconductor 
devices. High dielectric constant film  is im portant in m em ory integrated  circu it (1C) 
technology such as the 64 M egabit DRAM  (dynam ic random  access m em ory) chips. Low 
resistiv ity  metal film  is significant in m icroprocessor technology. For exam ple, there are 
five levels o f  m etal interconnection in IB M ’s Pow er PC601 chips (D enboer, 1994).
In the first part o f this d issertation (cf., C hapter 2, 3, and 4), I will exam ine the 
C V D  o f  a prom ising dielectric m aterial, T i0 2. In C hapter 2, the applications and 
precursors from  the literature for T i0 2 film  will be review ed. The previous kinetic studies 
by S iefering and G riffin (1990a; 1990b) will be presented in detail. M odeling o f  vertical 
C V D  reactors will be sum m arized.
In C hap ter 3, I discuss experim ents where the T i0 2 film  is deposited  on copper 
substrates from  titanium  tetraisopropoxide (TTIP) diluted with nitrogen ca rrier gas. The 
reaction m echanism  proposed by Siefering and G riffin (1990b) is em ployed fo r the reacto r 
m odels. I analyze the vertical cold-w all C V D  reactor using a series o f  reacto r m odels: 
a lum ped param eter (LP) m odel, and one-dim ensional (1-D ) and tw o-dim ensional (2-D ) 
stagnation point flow  reactor (SPFR ) m odels. The assum ptions for each m odel will be 
d iscussed individually. T he velocity, tem perature, concentration profiles will be 
presented. F inally, I will exam ine and com pare the kinetic param eters estim ated  using 
each model.
In C hapter 4, I discuss T iO z film s deposited on copper substrates from  pure T T IP  
w ithout carrier gas at four substrate tem peratures. The reaction m echanism  proposed by 
S iefering and G riffin (1990a) is em ployed for the reactor m odels. I also analyze the 
m easured results using the LP, I-D  and 2-D SPFR m odels. Because o f  d ifferen t substrate 
tem perature, the activation energy based on each model is obtained and com pared. I also 
obtain the pre-exponential factor corresponding to each m odel. F inally, the carrier gas 
and pure T T IP  experim ents are com pared.
In the second part o f  this dissertation (cf., C hapter 5, 6, and 7), I will exam ine the 
C V D  o f a prom ising m etal, Cu. In C hapter 5, the applications and precursors from  the 
literature for Cu film s will be review ed. The previous m echanistic studies can be divided 
into adsorption studies under ultra-high vacuum  and kinetic studies under norm al C V D  
conditions. M odeling o f horizontal C V D  reactors will be sum m arized.
In C hapter 6, I describe the apparatus and procedure for the C V D  experim ents 
using copper(II) hexafluoroacetylacetonate [C u(hfac)2| as the precursor and H 2 as the 
carrier gas. T he vapor phase o f  the precursor feed is m onitored for each experim ent to 
ensure a know n constant concentration at the inlet o f  the C V D  reactor. T he Cu film s are 
deposited inside a horizontal w arm -w all CVD reactor with a vacuum  system . I will 
d iscuss the substrate preparation and the thickness m easurem ent for the Cu film  deposited  
on the substrate. Three sets o f previously obtained experim ental results from  our group 
will be presented.
In C hapter 7 , 1 describe the kinetic analysis of the experim ental results in C hapter 
6. A tw o-dim ensional horizontal flow  reactor model is used to study the grow th kinetics
o f Cu film s. An em pirical rate expression is utilized to obtain the surface concentration 
profiles. T he velocity and tem perature profiles inside the w arm -w all reactor will also  be 
presented. I will propose a new m echanism  for the experim ental results to explain the 
effects o f pressure and tem perature, after I review  the m echanism s proposed by Lai et al. 
(1991) and Kim  et al. (1993). The kinetic param eters for the new m echanism  will be 
estim ated and com pared with the available literature values.
C H A P T E R  2
LITERATURE REVIEW  OF TITANIUM DIOXIDE FILMS
2.1 Applications o f T i0 2 Films
T itanium  dioxide film  is a prom ising m aterial for high perform ance 
m icroelectron ic and optoelectronic devices due to its superior electrical and optical 
properties. In m icroelectronic areas, there are tw o m ajor applications.
First, it can be used for the next generation o f dynam ic random  access m em ory 
(D R A M ) m em ory cells such as 64 M egabit DRAM  m em ory storage capacitors. D R A M  
m anufacturers have done everything possible to  reduce the d ie lec tric’s thickness and 
increase the capacitor area to m aintain the required cell capacitance, so the only option 
left available is to increase the dielectric constant (Treichel et al., 1993). A dielectric 
constan t as high as 86 was reported by Fuyuki and M atsunam i (1986).
Second, it can also be used for the new packaging m ethods, such as high density 
m ultichip  m odules (M CM s). M CM s are being developed to im prove the density  and 
speed o f  integrated circuits (ICs). The T i0 2 thin film s with titanium  m etal core are 
deposited  on gold MCM interconnections, to provide electrical isolation between the 
individual m etal lines (Kohl, 1993).
In optoelectronic area, transparent T i0 2 film s arc often use in solar cells, energy- 
efficient w indow  coatings, and electro-optical displays due to the high refractive index 
(G ordon, 1993). O ther applications can be found in both Zhang (1993) and Siefering 
(1988).
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2.2 Precursors for T i()2 Films
T here are two m ajor precursors used to prepare T i0 2 thin film s by chem ical vapor 
deposition  (CVD). The first is titanium  tetrachloride (TiC l4), orig inally  reported  by 
B anning (1941) and later studied by C heng et al. (1987). H ow ever, this reactant has 
several disadvantages. For exam ple, it requires a high operating tem peratures (400 to 
1000 °C) to give a reasonable grow th rate. E ither oxygen or w ater vapor is required, as 
a co-reactant and the HC1 product is corrosive.
T itanium  tetraisopropoxide (TTIP) is the other precursor used to grow T i 0 2 thin 
film s. It is a better and m ore popular precursor for the C V D  processes due to its low 
operating  tem perature and lack o f  corrosive products. Y okozaw a et al. (1968) started to 
study the film  growth with presence o f 0 2. Recently, G okoglu et al. (1993) studied the 
reactor perform ance for T i0 2 film  with presence o f 0 2 in N2 as a carrier gas.
S iefering (1988) studied the deposition o f T iO p film s from decom position o f  T T IP  
at low  pressure w ithout the presence o f 0 2 and N2. Siefering and G riffin (1990a) reported 
the pure T T IP  experim ents. They show ed that the film  growth rate was second order in 
T T IP  pressure at low pressure, and zero order at high pressures. The experim ents will 
be described m ore com pletely in the next section.
T o  com pare the results with Takahashi et al. (1985), S iefering and G riffin  (1990b) 
also  reported experim ents using N 2 carrier gas. They show ed that the film  grow th rate 
was first o rder in T T IP  pressure at all pressures. Zhang (1993) reported sim ilar results 
with different reactors.
2.3 Previous Kinetics Studies
In our reactor analysis o f  CVD T i0 2 thin film grow th, I will use the experim ental 
results obtained from  S iefering and G riffin (1990a; 1990b) in a cold wall low pressure 
vertical C V D  reactor. The reactor configuration is the sam e for both pure T T IP  and 
carrier gas experim ents. The reactor consists o f  a standard six-w ay cross with inside 
d iam eter o f  3.2 cm , as shown in F igure 2.1 (Siefering, 1988).
O ne end o f the cross is m ounted on the surface analysis cham ber, so that in-situ 
surface analysis can be perform ed. A gate valve is used to separate the reactor and the 
cham ber. On the sam e axis, a polished sam ple transfer rod with the substrate is inserted 
from  the opposite end o f the cross. A pyrex w indow  located on the horizontal level and 
another w indow  located on the top flange are used to check the substrate position.
T he substrate is m ounted on a susceptor using screw s with w ashers w hich slightly 
overlap its edges. The susceptor is a 3.2 cm  d iam eter hem i-cylindrical stainless steel 
block w elded to the end o f the transfer rod. It is heated by a 230 W att cartridge heater. 
A pair o f  chrom el alum el therm ocouples are used to m easure the tem perature. The 
tem perature can be controlled w ithin 1 °C  by adjusting a V ariac pow er supply and an 
O m ega digital tem perature controller. The reactor wall is heated to 100 °C  with heating 
tapes and w rapped with alum inum  foil to avoid condensation o f TTIP.
A liquid nitrogen-cooled sorption pum p is connected to the top flange o f  the cross 
through a quarter-inch tubing. The reactor pressure, m easured by a G ranville-Phillips 
convectron gauge, can be reduced to a m inim um  o f  1.0 x 10 ’ T orr with a needle value. 
T he bottom  flange o f the cross is connected to a turbom olecular pum p, which creates a
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Figure 2.1 Cold Wall Low Pressure Vertical C V D  Reactor Designed by Siefering
(1988)
base pressure o f 1.0 x 1()'5 T orr. The volum etric flow rate o f 22 seem  is m easured, based 
on the cham ber evacuation rate. T his value is used for both pure T T IP  and carrier gas 
experim ents.
The difference betw een the pure T T IP  and the carrier gas experim ents is the 
configuration o f the reactant source. For pure TTIP  experim ents, the TTIP  (Aldrich 
C hem ical), which is liquid at room  tem perature (m elting point 20 °C), is contained in a 
glass bottle shown in Figure 2.2 (Siefering, 1988), wrapped with heating tape and 
alum inum  foil for insulation. It is kept at a constant tem perature betw een 65 and 110 °C 
during deposition, depending  on the required deposition pressure. T he T T IP  vapor is 
allow ed into the reactor from  the bottom  and controlled via a bellow s sealed m etering 
value to adjust the reactant pressure.
For the carrier gas experim ents, a glass bubbler is used as shown in F igure 2.3 
(Siefering, 1988), with one end connected to the N, cy linder and the another end 
connected to the reactor. The total pressure in the bubbler is m aintained at 500 T orr by 
setting a m etering valve upstream  from  the bubbler on the carrier gas supply line at a 
constant position and adjusting the pressure upstream  o f the m etering value with the gas 
pressure regulator on the N2 cylinder.
The m ixture o f T T IP  and N2 is delivered directly into the reactor from  the bottom  
flange. A needle value betw een the reactor and bubbler is used to reduce the bubbler 
p ressure to the reactor pressure o f  5 Torr. The inlet partial pressure o f T T IP  is varied by 
changing the bubbler tem perature from 40 to 90  °C. The calibration curve betw een the 
inlet T T IP  partial pressure and bubbler tem perature is described by S iefering (1988).
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Figure 2.3 Glass Bubbler for the Carrier Gas Experiments (Siefering, 1988)
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Siefering and G riffin  (1990a) reported the T i0 2 grow th rates from  pure T T IP  
experim ents at substrate tem peratures from  220 to 300 °C and T T IP  inlet pressures from 
0 .04  to 2 .0 Torr. The reaction order plot for the pure T T IP  experim ents is show n in 
F igure 2.4. T he average film  grow th rates were m easured from  the w eight change and 
the deposition area and they ranged from  0.005 to 30 pm /h. From  the results, these 
authors proposed three elem entary steps involving gas phase decom position, adsorption 
o f interm ediate species, and surface reaction.
T he activation energy, E 3 and pre-exponential factor, k 3" o f  rate constant k 3 for 
surface reaction was obtained in the saturation region. The value for E3 was sim ilar to 
the result obtained from  a separate tem perature program m ed desorption study. They 
reported that E 3 = 154 k j/m ole and k 3° = 8.6 x 10*’ m o le /cn r/s . On the o ther hand, only 
a com posite param eter value was estim ated for the gas phase reaction from  the second- 
o rder region. T he com posite param eter was com posed o f residence tim e, x, desorption 
rate, k 2, and rate constant, k-,-r„Yrn,,. The activation energy o f k-rn ivrrn„ E, was 35.2 
kJ/m ole, and the com bined param eter, x k 2 k"rm >Anir- was 4.7 x 10"' cm J/m ole /s2.
S iefering and Griffin (1990b) reported the T i0 2 grow th rates from  carrier gas 
experim ents at a substrate tem perature o f  300 °C and T T IP  inlet partial pressures from  
0 .004  to 0.109 Torr. The reaction order plot for the carrier gas experim ents is show n in 
F igure 2.5. The average film growth rate ranged from 0.16 to 5.9 pm /h. For these 
experim ents, the E, was assum ed the sam e as the pure T T IP  experim ents. A collision 
efficiency for N2 relative to TTIP, (j)N2, was defined from  the first-order region. 
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Figure 2.5 R eaction O rder Plot o f  T i0 2 Film s from the C arrier G as Experim ents 
(S iefering and G riffin , 1990b)
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^  ttiivn2 ^tin he expressed us k IT|p/N2 — 0\2  ^  rmvnii*- The experim entally  determ ined 
value o f  <J)N2 was 0.43.
2.4 Reactor M odeling
A good understanding o f coupled transport and chem ical processes is required for 
the future chem ical vapor deposition  (CVD) applications. C V D  can produce sophisticated  
m aterials with superior properties. W ith a good reactor m odel, we can relate the film  
grow th rate and quality with the operating conditions and reactor geom etry (Jensen, 
1987). A com prehensive review  by Jensen (1989) gives a basic introduction to the 
principles o f  transport phenom ena and reaction kinetics for the C V D  research.
The reactor configuration used by Siefering and G riffin (1990a; 1990b) resem bled 
the stagnation point flow reactor (SPFR). The SPFR is a vertical, axisym m etric reacto r 
w ith the susceptor perpendicular to the incom ing gas flow. The substrate o r w afer is held 
on the susceptor which is heated to deposition tem perature, m ost com m only by resistive 
heating. It is also norm ally operated below  atm ospheric pressure with standard vacuum  
system s.
The initial interest in the SPFR geom etry was prim arily as an experim ental system . 
H ow ever, it is becom ing an im portant type o f single-w afer reactor for thin film  deposition  
in the sem iconductor industry. This is because the SPFR gives large uniform  areas and 
high film  qualities. W ith the advance o f larger w afer diam eters (greater than 150 m m ), 
the SPFR has becom e m ore applicable as a single w afer production reactor.
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A nother advantage o f  the SPFR is for reactor designs calculations. B ecause o f  the 
axial sym m etry, the m om entum , m ass, energy, species balance equations can be reduced 
to tw o-dim ensional (2-D ) equations. W hile these 2-D  equations m ust be solved 
num erically , this is still m uch faster than corresponding three-dim ensional (3-D) 
equations.
N ear the centerline w here wall effects can be neglected, it is possible to transform  
the transport equations still further to yield a one-dim ensional (1-D) system . T his will 
further reduce the com putational tim e and greatly sim plify the analysis o f heat and m ass 
transfer. It is beneficial to first use a w ell-defined 1-D flow m odel to estim ate the kinetic 
param eters. This is because the estim ation o f kinetic param eters from the 2-D  m odel 
requires greater com putational time. A 1-D m odel m ay also be preferred to develop a fast 
response reactor control system .
Schlichting (1968) presented the exact solutions o f  the N avier-Stokes equations 
for isotherm al stagnation flow with no chem ical reactions. He also presented the 1-D 
sim ilarity  transform ation analysis for the tw o-dim ensional (2-D) balance equations in 
plane flow  (H iem enz flow). He com pared the isotherm al velocity profiles for both 1-D 
and 2-D  m odels, and showed that the axial velocity was very sim ilar. T he stagnation 
region in a plane flow  is shown in Figure 2.6.
W ahl (1977) presented the full solutions for 2-D  axisym m etric N avier-S tokes 
equations with varying physical properties. He used finite difference techniques to solve 
the partial differential balance equations for m om entum , m ass, energy, and species. The 
im portance o f  this paper is that he show ed the com parison betw een the calculated flow
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Figure 2.6 Stagnation in a Plane Flow (Schlichting, 1968)
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lines and visualization experim ents with satisfactory agreem ent. H ow ever, he used 
arbitrary gas-phase and surface reaction kinetics to study the effects o f  grow th uniform ity 
and therm al diffusion.
Houtm an et al. (1986) studied the SPFR with well known reaction kinetics. T heir 
w ork deserves special attention, since it is directly related to our 1-D analysis. They 
com pared the classical 1-D treatm ent with the 2-D  m odeling results for the SPFR. They 
give an overview  o f the param eter ranges for which the 1-D treatm ent will give 
reasonably  accurate results.
In this w ork, we will com pare 1-D and 2-D m odels. W e will also  com pare a 
lum ped param eter m odel, w hich requires still less com putational time. O ur 2-D  reactor 
analysis is based on the m ethods developed by Patankar (1980). The num erical m ethod 
used to solve the partial differential balance equations is a control vo lum e-based finite 
d ifference m ethod. The continuity  equation was coupled  to the m om entum  equation 
through a pressure correction m ethod |S IM P L E |.
The SIM PLE m ethods have been used by several recent authors. For exam ple, 
K leijn ’s group at Delft U niversity  o f Technology (The N etherlands) have used these 
m ethods to com pare their m odel with the experim ent results obtained from  a single-w afer 
C V D  reactor for CVD  tungsten (K leijn et ai„ 1989; ibid, 1991; and O osterlaken et al., 
1993).
C H A P T E R  3
T i()2 FILMS FROM  CARRIER GAS EXPERIM ENTS
The T i0 2 thin film  grow th rates obtained by S iefering and G riffin (1990b) from  
titanium  tetraisopropoxide (TTIP) and diluted by nitrogen carrier gas w ere rev iew ed in 
C hapter 2. In those experim ents, the T T IP  vapor w as transferred from  the constan t 
tem perature bubbler to the chem ical vapor deposition  (CV D ) reactor using nitrogen. 
C hanging the bubbler tem perature gave d ifferent T T IP  partial pressures, and d ifferent 
thicknesses o f  T iO z film s were form ed on a heated substrate inside the C V D  reactor. T he 
results were reported  in the form  o f  a reaction order plot.
In this chapter I will develop an im proved kinetic param eter analysis based on 
these results. I begin by review ing the reaction m echanism  proposed by S iefering and 
G riffin (1990b). T he m echanism  involves chem ical reactions both in the gas phase and 
on the surface, w hich will be incorporated in the species balance equations and boundary 
conditions. In the gas phase, a bim olecular collision between T TIP  and N2 to form  a 
reactive in term ediate is proposed. A t the surface, the interm ediate is adsorbed and reacts 
to form  a thin T iO z film.
I will exam ine a series o f  m odels for the cold wall vertical C V D  reacto r used by 
S iefering and G riffin  (1990b) in order to estim ate the kinetic param eters for their 
proposed m echanism . The first m odel will be based on a lum ped param eter (LP) m odel. 
T he CV D  reactor is operated at low pressure (5 Torr) w here diffusion w ill be fast and 
concentration gradients will be sm all. Therefore, a LP m odel m ay be reasonably accurate. 
It is also  a useful m odel for obtain ing a prelim inary estim ate o f the kinetic param eters.
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T he second m odel is based on the stagnation point flow  reactor (SPFR). It is 
form ulated as a one-dim ensional (1-D) m odel using a sim ilarity transform ation. This 
m odel should give a better description than the LP m odel for the velocity, tem perature, 
and concentration profiles in the cold wall vertical CVD reactor, w hile requiring  less 
com putational time than a tw o-dim ensional (2-D) m odel. T herefore, we should obtain a 
reasonable solution with m odest com putational time.
T he final m odel will be the full 2-D  SPFR model. T his m odel can represent the 
three-dim ensional (3-D ) behavior o f a CVD  reactor with axisym m etric geom etry. T his 
m odel provides all the inform ation about the flow, tem perature, and concentration fields, 
w ithout solving the full set o f  3-D  balance equations.
Finally, the kinetic param eters obtained using all three m odels will be com pared 
and discussed. I will d iscuss the sensitivity o f  the calculated grow th rate with respect to 
the assigned values o f the kinetic param eters, operating conditions, and reactor geom etry. 
I will also com pare the overall accuracy o f the three m odels. For exam ple, I will 
exam ine the velocity, and tem perature profiles predicted by both 1-D and 2-D  SPFR 
m odels. T he concentration profiles for TTIP  and interm ediate will also be exam ined for 
all three m odels.
3.1 Reaction Mechanism
T o develop an accurate kinetic m odel for the CV D  process, it is necessary to 
propose a reaction m echanism  in term s o f elem entary steps. S iefering and G riffin (1990b)
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proposed a sim ple m echanism  fo r their results, which 1 will review  here. In the follow ing 
sections, we will apply this m echanism  using each o f  our reactor m odels.
T he three proposed elem entary steps for the reaction taking place in the presence 
o f  a carrier gas are:
r i (3.1
TTIP + N2 * I  + P
r2 (3.2)/ + eK —— e/
r3 (3.3)
0 ,  TiQ2 + R
H ere P  and R  represent additional products from the gas phase and surface reactions, and 
0 V and 0, represent the fraction o f the substrate that is vacant or occupied by absorbed 
interm ediate.
The rate o f the bim olecular collision between T TIP  and N2 to form  the 
interm ediate species I in Reaction (3.1) is assum ed to have the form:
r ,  = [A y [7T/P] (3.4)
w here jT T IP ] and |N 2] are the concentration o f TTIP  and carrier gas N 2 in m ole/cm 3.
In all o f the carrier gas experim ents perform ed by S iefering and G riffin  (1990b), 
the pressure o f  N2 was fixed at 5 .0  Torr. This corresponds to a concentration o f  1.4 x 1 0 7 
m ole/cm 3.
B ecause the carrier gas is present in great excess, Equation (3.4) can be rew ritten:
rx = k ^ T T l P ]  (3.5)
w here k,. = k , [N2] is the pseudo first-order rate constant for the gas phase activation o f 
TTIP. Based on previous results, we assum e an A rrhenius dependence:
w here k ,"  is the pre-exponential factor in s ', and E, is the activation energy. A value 
o f E , = 35.2 kJ/ntole was determ ined by Siefering and G riffin (1990a). W e will obtain 
revised estim ates for this value in our calculations below.
R eaction (3.2) represents the adsorption o f interm ediate species I at vacant sites 




A value o f  k 2 can be estim ated, based on gas kinetic theory:
(3.8)
w here (V ) is the average m olecular speed. The gas constant is R = 8.314 x 107 
ergs/m ole/K  and the m olecular w eight o f  TTIP is M = 284 g/m ole. This leads to  an 
estim ated value o f  k 2 = 5.2 x 1()3 cm /s at T  = 573 K.
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R eaction (3.3) describes the decom position o f the adsorbed interm ediate to produce 
T iO z. Its rate can be expressed as:
r3 = k^Qj (3.9)
T he rate constan t k 3 is assum ed to obey an A rrhenius dependence:
k3 = k °  exp
R T
(3.10)
w here k 3" is the pre-exponential factor and E3 is the activation energy. S iefering and 
G riffin  (1990a) determ ined values o f k 3" = 8.59 x l()f‘ m o le /cn r/s  and E3 = 154 kJ/m ole. 
W e will also retain these values in our calculations below.
T he fractional coverage variables, 0 V and 0,, can be elim inated by com bining 
Equations (3.7) and (3.9). At steady state, r 2 = r3. W e also assum e 0 V + 0, = 1. T hen, 
the overall rate o f reaction at the surface becomes:
k2k3[l]
r ,  = r„ =  ------- :------ (3.11)'2  '3 *3 +  k2[I\
All o f the carrier gas experim ents were perfom ied at 573 K. At this tem perature, 
k 3 = 1 0 ‘' m ole/cm 2/s and k 2ll]  = 10'" m ole/cm 2/s, based on the highest concentration o f 
interm ediate expected (see below). Thus, the surface decom position reaction is m uch 
faste r than the adsorption step, and r2 can be sim plified as:
r, = kAI \  (3.12)
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3.2 Lumped Parameter Model
In this section I derive the species balance equations fo r the lum ped param eter 
(LP) m odel. T he essential feature o f  the LP m odel is that the shape o f the concentration 
and tem perature profiles are assum ed. T he m agnitude o f each profile is thus characterized 
by a single undeterm ined coefficient. These coefficients are obtained by solving a set o f 
coupled algebraic balance equations. The pre-exponential factor in the proposed 
m echanism  fo r the gas-phase reaction will be estim ated by com paring with the average 
grow th rates m easured by S iefering and G riffin (1990b). The sensitivity to the m odel 
assum ptions will be discussed.
3.2.1 Governing Equations
T he species balance equation for T T IP  (species A) is:
(3.13)
w here Q  and V are the volum etric flow  rate and active reactor volum e, respectively. C A 
and CAo are the exit and inlet T T IP  concentrations. T he new param eter k,<u> represents 
the spatially averaged value o f k r  and is defined to include the effect o f  a non-uniform  
1-D tem perature profile (see below ).
The species balance equation for the interm ediate (species B) is:
Q C b = V k * C A -  A f 4 PCB (3.14)
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where A is the active substrate area. T he new param eter k 2u> describes the arrival rate 
o f  the interm ediate at the substrate under diffusion lim ited conditions (see below). 
F inally , the TiCF film grow th rate is given by:
w here Cl! is in flux units (i.e., m ole/cm 2/s). This can be converted to thickness units using 
the T iO z m olar density  (1 m ole/cm 2/s = 6.75 x 1()K pm/h).
The value o f k ,.1,1’ determ ined using the LP m odel represents a spatially averaged 
value over the non-uniform  tem perature profile o f  the cold-w all reactor:
1 can evaluate the volum e integral num erically using the tem perature profile from  the 1-D 
SPFR m odel and the activation energy determ ined in C hapter 4. For exam ple, the value 
o f  k , 1'1’ predicted by Equation (3.16) as the average value for the present cold-w all reactor 
geom etry is about 30 percent o f  the value based on the substrate tem perature (i.e., the 
hottest point in the reactor).
W e estim ate a value fo r k 2u> as follow s. W e assum e that the in term ediate is 
generated at a spatially uniform  rate in front o f  the substrate, and d iffuses to the substrate 
where it is im m ediately adsorbed. W ith these assum ptions, the 1-D concentration profile 
o f  the interm ediate is parabolic, varying from zero at the substrate to a m axim um  at the 
inlet.
G = r2 = k ? C B (3.15)
(3.16)
26
T he flux at the substrate than becomes:
J .  = f c ,  (3.17)
w here D is the d iffusion coefficien t at the operating conditions (i.e., T s = 300 °C  and P 
= 5.0 Torr). L  is the d istance betw een the inlet p lane and the substrate plane. C„ is the 
volum e-averaged concentration o f  the interm ediate.
Equation (3.17) allow s us to define an effective value o f k 2u> by replacing the 
second term  on the right hand side o f  Equation (3.14):
For the present conditions, D  = 16 cm 2/s and L  = 1.6 cm. Then, k 2u> = 30 cm/s.
3 .2 ,2  P a ra m e te r  E s tim a tio n
S iefering and G riffin (1990a) have determ ined values for the kinetic param eters 
in term s o f  x k , k 2. B ecause o f  the sim ple reactor m odel used for their analysis, they 
w ere unable to determ ined a values fo r k,-°. In this section I will determ ine a value for 
k , ”, using the m ore accurate L P  m odel. I will use the activation energy, E ,, determ ined 
in C hap ter 4, E , = 45 kj/m ole.
W e proceed by solving Equations (3.13) and (3.14) for the T T IP  and interm ediate 
concentrations using the N ew ton-R aphson m ethod (subroutine N LSY ST) with a trial value 
o f  k,<lp and assum ed values for the rem aining param eters (cf. Table 3.1). Then the T i0 2
o f k,-1'1’ and assum ed values for the rem aining param eters (cf. Table 3.1). Then the T i0 2 
film  growth rate is determ ined by Equation (3.14). The process is repeated using 
d ifferen t values o f k ru>, and the optim um  value is obtained using non-linear regression 
(subroutine N LR EG R ) to fit all the experim ental data.
This procedure yields an optim ized value o f k ,u> = 1.4 s '. The coefficien t o f 
determ ination  is 0.855. F inally, the exponential factor is calculated using Equation (3.16): 
k ," = 5.9 x 104 s '. The results are sum m arized in Table 3.2. The calculated grow th rate 
is com pared to the m easured values in Figure 3.1.
3.2.3 Discussion
T he uncertainty associated with the optim ized value o f  k, " can be estim ated 
qualitatively  using the sensitivity inform ation listed in Table 3.3. T he second colum n, 
S<;/x, lists the dependence o f the calculated growth rate ((») on an individual m odel 
param eter (X), defined as follows:
5 = (3.19)
GIX d  ln(X)
T he derivation  is calculated by a finite diference approxim ation, using grow th rates 
calculated  with a pair o f  different values for each param eter o f  interest.
T he third colum n, Skl7x, show s the sensitivity o f k," to uncertainties in the 
param eters o f interest, defined as follows:
T able 3.1 Param eters o f  the C arrier Gas E xperim ents using LP M odel
28
Type Param eter
Assum ed Reactive Area A = 8.04 cm 2
R eactor G eom etry




V olum etric Flow  Rate






T s = 300 °C
R eactor o r N2 
Pressure
P  = 5.0 T orr
K inetic Param eter M ass Transfer C oefficient 
for Interm ediate
k 2" ’ = 30 cm /s
T ab le  3.2 Sum m ary o f  C alculated  Results for the C arrier G as E xperim ents 
using LP M odel
Type Param eter
T T IP  G as Phase 
D ecom position
Rate Constant k ,.u ’ = 1.4 s '1
Pre-exponential Factor' k ,"  = 5.9 x 104 s '
D im ensionless Exit 
C oncentration
TTIP C A/C A„ = 0.755
Interm ediate C „/C Ao = 0.0459
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Figure 3.1 O rder Plot for T iO z Film s from  the C arrier G as Experim ents 
using LP M odel
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T able 3.3 Sum m ary o f  Sensitivity Studies for the C arrier G as E xperim ents 
using L P  M odel
Param eter (X) S<;/X Skl7X
k ," 0.75 —





W e note that the sensitivity o f  the calculated rate with respect to the rate constant, 
SG/k,< = 0.75, is less than unity. This reflects the fact that the calculated fractional 
conversion o f  T T IP  is 24 percent at these conditions. This m eans that the grow th ra te is 
conversion lim ited, and is only partially dependent on the rate constant associated  with 
the intrinsic kinetics.
F inally , the greatest uncertainty in the estim ated rate constant is associated  with 
the substrate surface area (cf„ S kI7A = 1.07).
3.3 1-D SPFR Model
T he LP m odel exam ined in the last section is an algebraic reactor m odel. In 
contrast, the cold wall CVD  reactor used by Siefering and G riffin (1990b) is expected  to 
have tem perature and concentration gradients which will require differential equations to 
obtain an accurate description. A s a first step toward describing these gradients, I choose 
to  exam ine a one-dim ensional stagnation point flow reactor (1-D SPFR) m odel. T his 
m odel w ill incorporate the tem perature and concentration gradients in the axial direction.
First, I will d iscuss the general balance equations in vector form. Based on the 
general balance equations, I form ulate the 1-D SPFR m odel by applying a sim ilarity 
transform ation to the 2-D  balance equations in cylindrical coordinates. The reaction 
m echanism  described in section 3.1 is incorporated into the species balance equations. 
T he boundary conditions for the flow, tem perature, and concentration will be defined. 
D im ensionless variables and groups are used to sim plify the balance equations.
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Finally , I will show  the axial and radial velocities, tem perature, and concentration 
profiles predicted by the 1-D SPFR m odel. The gas-phase rate constant in the proposed 
m echanism  will be estim ated by com paring with the average grow th rates m easured by 
S iefering and G riffin (1990b), and its sensitivity  to the m odel assum ptions will be 
discussed.
3.3.1 General Conservation Equations
T he general balance equations in vector form can be found in Bird, Stew art, and 
L ightfoot (I9 6 0 ). These equations govern the velocity, tem perature, concentration , and 
p ressure distributions. The continuity  equation at steady state can be expressed as:
w here pV  is the m ass flux, and its divergence is the net rate o f  m ass efflux  per unit 
volum e. T he m om entum  balance equation at steady state and neglecting gravitational 
force can be expressed as:
w here the term  on the left hand side is due to convection. T he term on the right hand side 
is due to v iscous transfer, w here T is the viscous stress tensor:
V • p V  = 0 (3.21)
p (F  • VF) = V • x (3.22)
(3.23)
T he energy balance equation is sim plified by neglecting D ufour effects, v iscous 
d issipation , and radiation. The heat generation by reactions is norm ally sm all by using 
carrier gas. It can be expressed as:
p C p(V  • V 7) = V  • (kVT)  (3.24)
w here the term s on the left hand side and right hand side are due to convection  and 
conduction, respectively.
T he species balance equation o f  species i in a binary m ixture can also  sim plified  
by neglecting Soret diffusion (i.e., the therm al diffusion effect), and assum ing F ic k ’s law. 
It can be expressed as:
V • KC, = V • ( D V C )  + R f  0 2 5 )
w here R|S the rate o f  production or consum ption o f species i, as discussed fo r the reaction 
m echanism  described in section 3.1.
3.3.2 Similarity Transformation
A 1-D sim ilarity  transform ation is used to reduce the 2-D  partial d ifferen tial 
equations into ordinary  differential equations. Due to the axisym m etric geom etry , w e are 
able to  apply this transform ation. T he active geom etry o f the 1-D SPFR m odel is chosen 
to be the region betw een the face o f  the susceptor and the end o f  the inlet tube (cf. F igure 
3.2). The inlet tube radius is 1.6 cm , and the distance from  the end o f  the in let tube to 
the face o f  susceptor is also 1.6 cm.
Susceptor Plane
:& -x if  USmSV̂VSSW.V»̂ 'AW/̂ *AW»'».wA<VO;OCC»;t
^  w  *M. «  
i ^ s r t s s
1-D Simulation 
RegionInlet Plane
Figure 3.2 R eactor G eom etry for 1-D SPFR M odel
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I will follow  the 1-D analysis presented by Houtm an and Jensen (1986). First, 





8i|/—— = -  p rv  
dr  z
(3.27)
They assum ed that the radial dependence o f the stream  function is given by T T r^ )  
= r2 f(z). T hus, vr and vz can be expressed as:






T he transform ed m om entum  equation is form ulated by substituting E quations 





-  ( 1 4 A 2 + A  A A V
p d z )  p dz \  p dz
=  r (3.30)
where T  is an unknow n constant related to the pressure gradient.
36
T he transform ed energy equation is form ulated by substituting Equations (3.28) 
and (3.29) into the 2-D  axisym m etric energy balance equation to yield:
d z \  d z ,
+ 2f c  —  = 0  
p dz
(3.31)
T he transform ed species equation for species A is form ulated by substitu ting 
Equations (3.28) and (3.29) into the 2-D axisym m etric species balance equation to yield:
d_
d z
( d C A] 
D
d z
2 f  d C A
+  = * - — -  -  k  X ,  =  0  
p d z  1 / 1
(3.32)
The transform ed species equation for species B is form ulated by substituting 






\ 2f d C g  
p d z
+ -  0 (3.33)
T he T i0 2 film  growth rate is determ ined from:




w here G  is in tem is o f  flux units (1 m ole/cm 2/s = 6.75 x 10s pm /h).
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3.3.3 Boundary Conditions
Boundary conditions are required to solve the above transform ed balance 
equations. At the inlet plane (z = 0), the radial and axial velocities are governed  by:
v = 0 ~  ^  = 0  (3.35)
dz
V = u ~  /  = (3.36)
J  2
1 assum e that radial velocity is zero and the axial velocity is uniform  at the inlet plane. 
The tem perature is governed by:
T = To (3.37)
1 assum e that the inlet tem perature is same as the wall tem perature. T he I T  IP (species 
A) and interm ediate (species B) concentrations are governed by:
-  C .) -  ^  <338,
C , -  - D ^ i  (3 3 9 )
0 B d z
These are the D anckw erts’ boundary conditions for species A and B, w hich account for 
both diffusion and convection o f species across the inlet plane.
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At the face of the susceptor (z = L), no-slip velocity conditions are assumed at the 
susceptor plane. The radial and axial velocities are governed by:
v = 0 «=> &  = 0  (3.40)
dz
v = 0  «  f  = 0 (3.41)
Z  J
The temperature is governed by:
T = T (3.42)
S
(i.e., Ts = substrate temperature). The TTIP  (species A) and intermediate (species B) 
concentrations are governed by:
= 0  (3-43)
dz
CB = 0  (3.44)
Equation (3.43) assunies that species A does not react on the susceptor, but species B 
reacts on the susceptor very fast so that its concentration is zero (cf. Equation 3.44).
3.3.4 Transport Properties
Since the concentration o f  N2 carrier gas is much larger than the precursor, the 
transport properties o f  the gas mixture are based on the 5.0 Torr o f  N2. First, the
temperature dependence o f  density is assumed to follow the ideal gas law:
39
< M P \ T




where M  is m olecular weight o f  N2 and R is universal gas constant. P„ is the reference 
pressure o f  5 Torr and T„ is the reference temperature of 300K.
T he temperature dependence o f  the absolute viscosity, p, and thermal conductivity, 
k, are based on the C hapm an-Enskog formula (Bird et al., I960):
Vo






k  = k.
\ 0.5





where both p () and k„ are calculated from the Chapman-Enskog method at the reference 
temperature. The required parameters are listed in Table 3.4. The heat capacity o f  N2, 
cp, varies only slightly between the inlet and substrate temperatures. Thus, an average 
value o f  cp is estimated to be 0.253 cal/g/K (Kreith and Bohn, 1986).
Finally, the diffusion coefficient for the gas mixture TTIP-N 2 and I-N2 are assumed 
to be the same and they are based on the method by Fuller, Schettler, and Giddings 
(Perry’s Handbook, Page 3-285). The required parameters are listed in Table 3.5.
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Table 3.4 Physical Parameters o f  N2
Gas n 2




0  (A) 3.681
f i M (600K) 0.9
Diffusion Volume,
i v  (A3)
17.9
Table  3.5 Physical Parameters o f  TT1P
Gas TTIP




i v  (A3)
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T he temperature and pressure dependence is expressed as:
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where D„ is calculated at the reference temperature o f  300K, and the reference pressure 
o f  5 Torr.
3.3.5 Dimensionless Groups
1 will introduce a few dim ensionless groups to simplify the numerical analysis o f  
the balance equations. First, the dimensionless vertical distance is defined as:
(3.49)
where L  is the distance between the inlet and susceptor planes.
The dimensionless axial and radial velocities are defined as:
P Uo
2
/  ~  <|> = —
u„
(3.50)
<j<t> = _2l ^ d f  ^  = 2L  T
dC pu0 dz  dC r utO
(3.51)
where r is the distance from the center o f  the susceptor
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T he dimensionless temperature is defined as:
(3.52)
The dimensionless concentration for TTIP  (species A) and intermediate (species 
B) are defined as:
where C Al) is the inlet T T IP  concentration calculated from the inlet TT IP  pressure at the 
inlet temperature o f  100 °C using the ideal gas law.
After substituting the dimensionless variables from Equations (3.49) to (3.54) and 
the temperature dependence o f  the transport properties from Equations (3.45) to (3.48), 
a few dimensionless groups arise from the balance equations. The first one is the 
Reynolds num ber (Re) for the m om entum  equation:
(3.55)
which represents the ratio o f  m om entum  flux by convection and m om entum  flux by 
diffusion.
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T he second one is the thermal Peclet number (Peh) for the energy equation:
p  = L u 0p0cp (3 56)
K
which represents the ratio of  thermal flux by convection and thermal flux by diffusion. 
The third one is the mass Peclet number (Pem) for the species equation:
Pe = (3.57)
m D0
which represents the ratio o f  m ass flux by convection and mass flux by diffusion.
Finally, the dimensionless activation energy and Datnkohler num ber for the gas 
phase reaction are:
2  = — L  (3.58)
o
D a "  = (3.59)
Uo
where R  is the gas constant. D aRl" represents the ratio o f  the characteristic time for flow 
and the characteristic time for gas-phase reaction.
I rewrite the equations o f  change in terms o f  these dimensionless variables and 
groups, and substitute the temperature dependence o f  the transport properties such as 
viscosity, thermal conductivity, and diffusivity. Due to the power-law dependence o f  the
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transport properties on temperature, this creates an additional temperature dependent term 
in each equation.
T he m om entum  equation becomes:
2
Re
2<t> -  —  e 20 '
Re
<t>" + (<j>7)2 = r (3.60)
T he energy equation becomes:
1 e 2e77 +
P e L 2Pe.
e 2e7 - <|>07 =  0 (3.61)
The species balance equations for species A becomes:
Pe. • 0 4 Ya
'" e - ’e 7 -  <|) Ya ~ Dagi exP ( -  ~ )  Ya = 0  (3 ‘62)
The species balance equations for species B becomes:
Pe1 & Y b +
,
"’ e - ' e 7 -  <t> y 'b + DagiexP ( ~ ^ - ) Y A = 0 (3.63)
At the end o f  the inlet tube (C, = 0), the velocities, temperature, and concentration 
are governed by:










At the face o f  the susceptor (£ = 1), the velocities, temperature, and concentration 
are governed by:
= 0  ; <t> = 0  ; 0 = 0 ;  ^  = 0  ; y B = 0  (3.67)
3.3.6 Parameter Estimation
In this section we will determ ine the optimized value for k, " using the 1-D SPFR 
model. The assum ed param eters for the 1-D SPFR model are listed in Table 3.6. First, 
we use the shooting method with the Runge-Kutta integrator (subroutine R K SY ST ) to 
solve the velocity and temperature profiles from the m om entum  and energy equations 
(subroutine M EBAL). In Equations (3.60), there are one unknown constant and one 
unknown initial condition. In Equation (3.62), there is one unknown initial condition. 
Initial guesses are m ade for the unknowns, and converged values are obtained using the 
Newton-Raphson method (subroutine NLSYST).
On the o ther hand, a m ore general finite difference method (subroutine FD SY ST ) 
is developed to solve the species balance equations for both TTIP  and intermediate 
concentration profiles from species equations (subroutines SA B A L and SBBAL). This 
is because the species equations are stiffer than the m om entum  and energy equations.
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Table 3.6 Parameters o f  the Carrier G as Experiments using 1-D SPFR Model
Type Parameter .
Reactor G eometry Inlet Radius R 0 = 1.6 cm
End o f  Inlet to 
Face o f  Susceptor
L = 1.6 cm
O perating Conditions Inlet 
Axial Velocity






Ts -  300 °C
Reactor or N 2 
Pressure
P -  5.0 Torr




k2 = 5.2 x 103 cm/s
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Using a trial value o f  k ,", we obtain the intermediate concentration profile (see 
next section). The T i 0 2 film growth rate is determined using Equation (3.34), and 
compared with the measured rates obtained by Siefering and Griffin (1990b). T he process 
is repeated using different trial values o f  k ,", and the optim um  value is obtained using 
non-linear regression (subroutine NLREGR) to fit all the experimental data.
This procedure yields an optimized value o f  k," = 8.3 x 104 s '1. The coefficient 
o f  determination is 0.833. The calculated growth rate is compared to the measured values 
in Figure 3.3. The species concentration profiles will be presented in the next section.
3.3.7 1-D Profiles
Calculated 1-D axial and radial velocity profiles are shown in Figure 3.4. The 
inlet axial velocity is calculated based on the cross sectional area o f  the inlet tube and the 
volumetric flow rate. The axial velocity decreases as the carrier gas approaches the 
susceptor. On the other hand, the radial velocity at the radius o f  the susceptor increases 
up to the m idw ay o f  the reactor, then decays to zero approaching the susceptor. Thus, 
the carrier gas enters the reactor axially from the inlet plane and exits radially through the 
projected cylindrical plane defined by the susceptor radius.
The calculated 1-D temperature profile is shown in Figure 3.5. The temperature 
at the end o f  the inlet tube is assumed to be 100 °C, since the inlet tube is kept at 
constant temperature of 100 °C. T he substrate temperature is 300 °C. T he temperature 
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Figure 3.6 shows the calculated dimensionless TTIP concentration profile. First, 
the T T IP  concentration decreases from the inlet to susceptor, due to the gas phase 
reaction. At the inlet the dimensionless concentration is less than unity, due to the 
D anckw erts ’ boundary condition which allows reactants to diffuse back to the inlet. The 
T T IP  concentration gradient approaches zero at substrate surface because the T T IP  does 
not react on the substrate surface. The overall conversion o f  T T IP  is about 40  percent.
Finally, the dotted line shown in Figure 3.6 is the calculated intermediate 
d imensionless concentration. T he intermediate concentration approaches zero near the 
susceptor because it reacts very fast at the substrate surface. The unreacted intermediate 
builds up aw ay from the substrate. The concentration (C„/CA„) increases to the m axim um  
value o f  0.025 at 1.0 cm  from the substrate. The intermediate dim ensionless 
concentration at the inlet is greater than zero, again due to the D anckw erts ’ boundary 
condition.
3.3.8 Discussion
The uncertainty associated with the optimized value o f  k r " can be estimated 
qualitatively using the sensitivity information listed in Table 3.7. T he second and third 
co lum ns are defined in Equation (3.19) and (3.20).
1 note that the sensitivity o f  the calculated rate with respect to the rate constant, 
S(;/kl' = 0.58, is less than unity. This reflects the fact that the calculated fractional 
conversion o f  TTIP  is 40% at these conditions. This means that the growth rate is 
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the intrinsic kinetics. This is also reflected by the strong sensitivity to the flow rate (cf., 
S<;/„„ = 0.32), because the flow rate determines the rate at which TT IP  is supplied to the 
reactor.
The uncertainty in the estimated rate constant associated with the diffusivity is 
fairly small (cf., Sk,71) = -0.11). This indicates that the our operating conditions are in the 
reaction controlled limited region. Instead, an increase in the diffusivity is accompanied 
by a com pensating decrease in the concentration o f  the intermediate. On the other hand, 
the greatest effect to the estimated rate constant is associated with the reactor height (cf., 
Skivi, = -0.85). This is because the reactor height increases the reaction volume.
3.4 2-D SPFR Model
The 1-D SPFR model examined in the last section is a reactor model that includes 
only axial gradients. To fully describe the cold wall C V D  reactor used by Siefering and 
Griffin (1990b), we need to expand our model to include temperature and concentration 
gradients in both axial and radial directions. Therefore, I choose to examine a two- 
dimensional stagnation point flow reactor (2-D SPFR) model.
First, 1 will formulate the 2-D SPFR model by expressing the general balance 
equations described in section 3.3.1 in cylindrical coordinates. The reaction mechanism 
described in section 3.1 is incorporated into the speeies balance equations. T he boundary 
conditions for the velocity, temperature, and concentration will be defined.
Finally, 1 will show the velocity vectors, and the temperature and concentration 
contours predicted by the 2-D SPFR model. The gas-phase pre-exponential factor in the 
proposed m echanism will be estimated by comparing the calculated centerline growth 
rates with the average growth rates measured by Siefering and Griffin (1990b), and its 
sensitivity to the model assumptions will be discussed.
3.4.1 Axisymmetric Balance Equations
The reactor is assumed to be axially symmetric, with no angular variation. 
Therefore, 1 am able to apply the balance equations in cylindrical coordinates to 
completely describe the 3-D behavior o f  the reactor. The active geometry o f  the 2-D 
SPFR model is chosen to be the region between the bottom o f  the inlet tube and the top 
o f  the outlet tube (cf. Figure 3.7).
Both inlet and outlet tubes have a radius of  1.6 cm. The length o f  the inlet and 
outlet tubes are assumed to be 3.2 cm and 1.6 cm, respectively. The reactor is defined 
as a cylindrical region with radius o f  3.2 cm. The height o f  the reactor is 3.2 cm. The 
distance from the inlet o f  the inlet tube to the face o f  susceptor is 4.8 cm. T he susceptor 
is assumed to be a 0.8 cm thick circular cylinder with radius o f  1.6 cm. The distance 
from the edge o f  the susceptor to the reactor wall is 1.6 cm, and the distance from the 
back o f  susceptor to the entrance o f  the outlet tube is 0.8 cm.
The momentum, energy, and species balance equations in cylindrical coordinates 
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Figure 3.7 R eactor G eom etry for 2-D  SPFR M odel
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T he continuity equation is:
-£;(prv,) + f z ( p r v t) = 0
The r-monientuin balance equation is:
I S ,  . 3  > .
(p /-v ryr) + —  ( p v rv )
r  d r  dz
-h x r-
\
34. __ f I ■ ___
dz , 3z  y
3 p
d r
The z-m om entum  balance equation is:
1 3 /  s 3 /  v 1 3
— T - ( P r V z Vr)  + P V z V z > =r  3 r  3z  r dr




The energy balance equation is:
1 J L
r dr
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The species balance equation for TTIP (species A) is:
( r v C . )  + — (v  C . )  = 
















The species balance equation for intermediate (species B) is:
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The T i 0 2 film growth rate is determined from:




where (« is in terms o f  flux units (1 mole/cm2/s = 6.75 x 1()8 pm/h). Here n is the 
outward normal to the reactive o r  susceptor surfaces.
3.4.2 Boundary Conditions
Boundary conditions are required to solve the above balance equations. The 
velocity boundary conditions are: no tangential velocity at the walls and susceptor; no 
normal velocity at the walls and susceptor; uniaxial flow at the inlet; no radial gradient 
at the centerline; and no axial gradient at the outlet. For the temperature boundary 
conditions, I have defined constant temperatures for the walls and the susceptor. There 
is also no radial gradient at the centerline and no axial gradient at the outlet.
The above conditions can be expressed as:
At the walls,
Vr = 0 ;  Vz = 0 ;  T  = Tw (3.75)
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At the susceptor,
Vr = 0  ; Vz = 0  ; T  = Ts (3.76)
At the inlet,
K  = 0 ; K  = r  = n, ,3'77>
At the centerline,
At the outlet,
F  = 0  ; ^  = 0  ; —  = 0  (3378)
dr ar
F  = 0  ; - ^  = 0  ; —  = 0  (3.79)
dz dz
The concentration boundary conditions are based on the reaction mechanism 
described in Section 3.1. The assumption o f  no net normal flux is used on all non­
reactive boundaries (i.e., walls, centerline, and outlet). At the susceptor surface, TTIP 
(species A) does not react, but intermediate (species B) reacts very fast so that its 
concentration is zero. The concentrations across the inlet are assumed to follow the 
D anckw erts’ boundary conditions.
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The above conditions can be expressed as:
At non-reactive surfaces,






CB = 0  (3.82)
At the inlet,





-unC„ = - D  
° B dz
B (3.84)
3.4.3 P a r a m e te r  E s t im a tion
In this section I will determine the value for k , " using the 2-D SPFR model. The 
transport properties have been defined in Section 3.3.4. The assumed parameters for the 
2-D SPFR model are listed in Table 3.8.
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Table 3.8 Assumed Parameters for 2-D SPFR Model
Type Parameter
Reactor Geometry Inlet Radius R„ = 1.6 cm
Susceptor Radius Rs = 1.6 cm
Reactor Wall to Susceptor Rws = 1.6 cm
Reactor Radius R = 3.2 cm
Inlet Tube L; = 3.2 cm
Inlet Tube to Susceptor Lis = 1.6 cm
Susceptor Thickness Ls = 0.8 cm
Reactor Height L k = 3.2 cm
Inlet to Outlet L = 8.0 cm
O perating Conditions Inlet Axial 
Velocity
u(, = 6.91 cm/s
Wall
Temperature




Reactor or N2 
Pressure
P = 5.0 Torr
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I use a control volume-based finite volume method (Pantankar 1980) to solve the 
partial differential balance equations for the velocity vectors, and the temperature and 
concentration contours. Based on the this method, the partial differential balance 
equations are solved by program SOUR2 obtained from Professor Sumanta Acharya of 
the Mechanical Engineering Department. This program was examined in the course 
"Computation o f  Fluid Flow and Heat Transfer" (ME 7823) during the Fall Semester 
1989. It is designed to solve 2-D partial differential balance equations for viscous flow.
For the flow field, the continuity equation is coupled to the m om entum  equations 
through a pressure correction method named SIM PLE (Semi-Implicit Method for 
Pressure-Linked Equations). A power law scheme is used for interpolation between grid 
points and to calculate the face value o f  variables. The coupled, nonlinear equations are 
solved iteratively using a line by line method (TDM A = Tri-Diagonal-M atrix Algorithm) 
sweeping from top to bottom or vice verse, and then from left to right o r vice verse, 
respectively. The details o f  the SIM PLE algorithm can be found in Appendix A.
To use the program, I need to modify a subroutine USER for our reactor geometry 
(entry GRID), transport properties (entry START), and boundary conditions (entries 
B O U N D  and G A M SO R ). I also need to define grid spacing (entry GRID), initial values 
(entry START), stopping criteria (entry OUTPUT), and m axim um  iterations (BLOCK 
DATA). The main program and the subroutines are listed in Appendix A.
The equations are discretized into a uniform, cylindrical grid with grid spacing of 
0.1 cm. This grid spacing gives relative small error compared with grid spacing o f  0.03
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cm. The grid consists o f  80 cells in the axial direction and 32 cells in the radial 
direction. All calculations were carried out on a IBM 3090 600E supercomputer. To 
reach a fully converged solution for a typical conditions, it takes about 18 minutes o f  
CPU time and 4000 iterations with the vector processor.
Using a trial value o f  kr", we obtain the concentration contour o f  the intermediate 
(see next section). Since Siefering and Griffin (1990b) only measured the average growth 
rate, I compared the average growth rate with the calculated centerline growth rate using 
equation (3.74). The process is repeated using different trial values o f  k,", and the 
optim um  value is obtained.
This procedure yields an optimized value o f  k, ” = 8.0 x 1()5 s '. This is based on 
an activation energy, K, = 35 kJ/niole as determined in Chapter 4. The coefficient o f 
determination is 0.855. The calculated growth rate at the centerline is compared with the 
average measured values in Figure 3.8.
3.4.4 2-D Profiles
A calculated velocity vector plot is shown in Figure 3.9. The velocity vectors are 
parallel to the z-axis at the inlet, which reflects the assumptions that the inlet axial 
velocity is uniform and there is no inlet radial velocity. Along the inlet tube, the 
magnitude o f  the vector decreases to approach zero near the walls due to the no-slip 
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Figure 3.8 O rder Plot for T i 0 2 Film s from  the C arrier G as Experim ents
using 2-D  SPFR M odel
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Figure 3.9 Velocity V ector Plot fo r 2-D  SPFR M odel
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The m agnitude o f the vec to r in the axial direction starts to decrease near the 
centerline when the carrier gas approaches the susceptor. On the o ther hand, the 
m agnitude o f the vector in the radial direction increases and m oves aw ay from  the 
centerline. The overall m agnitude o f the velocity decelerates due to the larger cross 
sectional area in the reactor. As the flow  enters the outlet tube, the overall m agnitude o f 
the velocity accelerates again due to the narrow er cross sectional area. At the end o f  the 
outlet tube, the velocity vectors becom e parallel to the z-axis.
A calculated 2-D tem perature contour profile is shown in F igure 3.10. The 
tem perature at the w alls is 100 °C, and the substrate tem perature is 300 °C. The 
tem perature over m ost o f the inlet region is below 120 °C. The tem perature o f  the end 
o f  the inlet tube is about 140 °C  due to the conduction from the susceptor. The 
tem perature contour lines are quite uniform  near the centerline. H ow ever, the tem perature 
gradient is steeper near the edge o f the susceptor. On the back o f the susceptor, the 
tem perature contour lines are also  quite uniform  near the centerline.
Figure 3.11 show s the calculated dim ensionless T T IP  concentration contours 
(CA/C Ao). The T T IP  concentration decreases from  the inlet to susceptor due to the gas 
phase reaction. At the inlet, the C A/C An is less than unity due to  the D anckw erts’ 
boundary condition. T he contours rem ain quite uniform  near the susceptor and outlet 
regions. T his is because the diffusion is m uch higher near substrate, w here the 
tem perature is higher. On the o ther hand, most of the T T IP  concentration gradient occurs 
along the inlet tube. T he cross-sectional area o f  inlet tube is m uch less than the reactor. 




Figure 3.10 T em perature C ontour Profile for 2-D  SPFR M odel
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Figure 3.11 D im ensionless T T IP  C oncentration C ontours (CA/C Ao) for 2-D SPFR M odel
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F igure 3.12 show s the calculated contours for the d im ensionless concentration  o f 
the in term ediate (CH/C Ao). The C 1}/C Ao at the inlet is greater than zero, again due to  the 
D an ck w erts’ boundary condition. The interm ediate concentration increases from  the inlet 
tow ards the substrate due to generation by gas phase reaction and it passes through the 
m axim um  value o f C H/C Ao = 0.04 near 1.6 cm from  the substrate. Then, the interm ediate 
concentration  decreases due to the diffusion to the substrate. It approaches zero at the 
substrate because it reacts very fast at the substrate surface. A finite concentration o f  the 
in term ediate exists at the outlet (i.e., the gradient approaches zero).
F igure 3.13 show s the calculated growth rate across the substrate surface as a 
function  o f  the distance from  the centerline. T his corresponds to  the film  grow th rate 
profile in the radial direction. T his inform ation can be calculated using the 2-D  m odel, 
because it is the first o f  our m odels to include radial concentration gradients. T he figure 
show s the growth rate at each position norm alized by the centerline value. B ecause the 
ca rrier gas experim ents are perform ed in the first order kinetic regim e, the calculated 
grow th ra te profiles are independent o f  inlet T T IP  partial pressure.
T he grow th rate is uniform  over m ost o f  the susceptor. It varies by less than 5% 
up to  a d istance o f  1.2 cm  (i.e., 75%  o f  the susceptor radius). In addition, the substrate 
does not ex tend to the edge o f  the susceptor. O ver this region o f  the susceptor, the 
grow th ra te  occurs by d iffusion o f the interm ediate species from  the gas volum e 
im m ediately  above the susceptor. As the edge o f  the susceptor is approached, the grow th 
ra te  increases rapidly. This is because grow th rate occurs via d iffusion o f  the 
in term ediate  from  the region im m ediately outside the susceptor radius, as well as from  
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Figure 3.13 T hickness Profile for T i0 2 Film s from  the C arrier G as E xperim ents
using 2-D  SPFR M odel
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3.4.5 Discussion
T he uncertainty associated with the optim ized value o f  k," can be estim ated 
qualitatively  using the sensitivity inform ation listed in Table 3.9. T he second and third 
co lum ns are defined in Equation (3.19) and (3.20).
I note that the sensitivity o f the calculated rate with respect to the rate constant, 
So/kj- = 0.58, is less than unity. This reflects the fact that the calculated  fractional 
conversion o f  T T IP  is 55%  at these conditions. This m eans that the grow th rate is 
conversion lim ited, and is only partially dependent on the rate constant associated with 
the intrinsic kinetics. T his is also reflected by the strong sensitivity to the flow  rate (cf., 
SG/U0 = 0 .36), because the flow  ra te  determ ines the rate at which T TIP  is supplied to  the 
reactor.
T here is very little uncertainty in the estim ated rate constant associated with both 
the d iffusiv ity  (cf., Skl7I) = -0.11) and susceptor thickness (cf., Skl71s = 0.13). The 
calculated  concentration profiles indicate that increasing the diffusivity  is accom panied 
by a com pensating  decrease in the concentration o f the interm ediate. A s a result, the flux 
o f  in term ediate to the surface rem ains relatively unchanged. On the o ther hand, the 
greatest effect on the estim ated rate constant is associated with the susceptor radius (cf., 
S ri'/rs = 0.77). T his is because the susceptor radius can increase the reaction area.
F inally , there is m ore uncertainty in the estim ated rate constant associated w ith the 
d istance from  the inlet tube to susceptor (cf., Skl7Lis = -0.65) than with the length o f  the 
in let tube (cf., Sk| 7li = -0.28). It is because there is m ore interm ediate generated in the 
volum e closer to susceptor.
T able 3.9 Sum m ary o f  Sensitivity Studies for 2-D SPFR M odel
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3.5 Comparison of Different Reactor Models
I have exam ined three reactor m odels in the last three sections (i.e., the LP, 1-D 
SPFR, and 2-D  SPFR m odels). T he assum ptions involved for each m odel can be found 
in Sections 3.2, 3.2, and 3.4, respectively. Here I com pare the axial and radial velocity  
profiles and the tem perature profile predicted by the 1-D and 2-D  SPFR m odels using a 
fixed set o f  operating conditions. The concentration profiles o f  T T IP  and the 
interm ediate species are com pared for all three m odels. Finally, I com pare the optim ized 
pre-exponential factor obtained using each model based on the activation energy  obtained 
from  C hapter 4.
3.5.1 Axial and Radial Velocity, and Tem perature Profiles
In order to understand the behavior o f  the d ifferent m odels, I will com pare the 
velocity, tem perature, and concentration profiles calculated using each m odel.
Axial V elocity . Figure 3.14 show s the axial velocity  profiles near the centerline 
calculated using the 1-D and 2-D  m odels. The axial velocities near the substrate are 
sim ilar and approach zero. The axial velocity near the inlet plane is h igher for the 2-D  
m odel than the 1-D m odel. This reflects the d ifference in boundary conditions assum ed 
fo r the tw o m odels. T he inlet velocity  for the 1-D m odel is a single value, reflecting the 
assum ption o f  radial uniform ity. In contrast, a parabolic inlet velocity  is assum ed fo r the 
2-D  case. T he average velocity is the same for the tw o m odels, but the centerline 
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Figure 3.14 1-D and 2-D  Axial Velocity P rofiles near the C enterline
Radial V elocity . T he radial velocity profiles at r = Rs (i.e., the radius o f the 
susceptor) are shown in Figure 3.15. The radial velocities are zero at the inlet plane, 
because the inlet velocity is assum ed to have no radial com ponent. T he radial velocities 
at the substrate (i.e., z = 1.6 cm ) are zero for both m odels because o f  the no slip 
condition. Both m odels show a m axim um  in the radial velocity about m idw ay betw een 
the inlet plane and susceptor. T he position o f the m axim um  is som ew hat clo ser to the 
inlet plane for 2-D  m odel, and the m axim um  velocity is som ew hat low er. T he radial 
velocity decreases earlier as it approaches the susceptor for the 2-D  m odel because gas 
near the susceptor is forced to flow  axially as it enters the region betw een the susceptor 
w all and the outer wall. This is show n m ore clearly in the stream line profile (F igure 3.9). 
T he integrated area under both radial velocity profiles (i.e, the m om entum  fluxes across 
the boundary at r = Rs) is the sam e for both m odels. This confirm s that both m odels 
satisfy the m acroscopic continuity  equation.
T em peratu re . F igure 3.16 show s the 1-D and 2-D  tem perature profiles near the 
centerline. There is good agreem ent near the substrate, which suggests that the 1-D 
m odel w orks well near the stagnation point. The 2-D  m odel predicts a h igher tem perature 
near the inlet plane than the 1-D m odel. This reflects a difference in the boundary 
conditions assum ed at the inlet. T he inlet tem perature for the 1-D m odel is assum ed to 
be the sam e as the wall tem perature (i.e., 100 °C), and is assum ed to be rad ially  uniform . 
In contrast, a radial gradient is allow ed for the 2-D  case, and the tem perature near the 
inlet plane is determ ined by the wall and substrate tem perature. T he calculated  
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Figure 3.16 1-D and 2-D Tem perature Profiles near the C enterline
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3.5.2 Concentration Profiles of TTIP and Intermediate
T he concentration profiles for all three m odels are obtained based on equal grow th 
rates. This requires d ifferent optim ized pre-exponential factor values o f  k,". The details 
o f  the param eter estim ation can be found in Section 3.2.2, 3.3.5, and 3.4.3 for the LP, 1-D 
and 2-D  SPFR m odels, respectively.
C oncentration  o f T T IP . The concentration profiles o f T T IP  (species A) near the 
centerline are com pared in Figure 3.17 for all three m odels. The concentration  profiles 
obtained by 1-D and 2-D  m odels are sim ilar, and both are low er than the LP m odel. The 
average concentration profile obtained by the 1-D m odel is h igher than the 2-D  m odel. 
T his is because som e o f the T T IP  has already reacted in the inlet tube region for the 2-D  
m odel (i.e., som e reaction occurs before the gas passes the inlet plane).
Both 1-D and 2-D  m odels predict a m odest axial concentration gradient, w ith a 
variation o f  40% . For exam ple, the TTIP varies from  0.7 to 0.5 betw een the inlet plane 
and the substrate. The m odest gradients reflects a high value o f  diffusivity .
C oncentration o f In term ediate. Figure 3.18 shows the concentration  profiles o f 
in term ediate (species B) near the centerline for all three m odels. The curve for the LP 
m odel reflects the assum ption o f  a transport-lim ited boundary layer (cf. Section 3.2.1).
T he concentration for all three m odels reaches zero at the substrate surface, due 
to  the assum ption o f a fast surface reaction. T he concentrations near the inlet p lane d iffe r 
significantly , decreasing in the order o f LP > 2-D > 1-D. For 2-D m odel, this reflects the 
fact that interm ediate form s in the outer region o f the reactor volum e (r > Rs) and diffuses 
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F igure 3.18 C oncentration Profiles o f Interm ediate (Species B) near the C enterline
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3.5.3 K in e tic  P a ra m e te rs
T he com parison o f  pre-exponential factor and activation energy for the three 
reacto r m odels is listed in Table 3.10. The first tw o colum ns list the optim ized values 
o f k ,"  and E , for each m odel. As discussed above, I used the value o f  the activation 
energy determ ined in 1-D SPFR m odel for the LP m odel. The values for the 1-D and 2- 
D SPFR  m odels are determ ined separately (cf., C hapter 4). This accounts for m ost o f  the 
d ifference in the values o f k ,"  fo r the 1-D and 2-D  m odels.
T he last tw o colum ns show  the rate constant k,- evaluated at 220 and 300 °C, 
based on the param eter values fo r each m odel. T he values for each tem perature are fairly 
consistent. The L P  m odel differs by 15 to 22%  from  the 2-D  m odel for 220 to 300 °C. 
On the o ther hand, the 1-D m odel differs by 40 to 13% from  the 2-D m odel fo r 220 to 
300 °C. H ow ever, these variations are well within the limit o f  uncertainty for each 
m odel. For exam ple, the uncertainty associated with the area o f the susceptor (ca. 50 %) 
gives rise to an uncertainty o f  40%  in the value o f  k r  (cf., Table 3.9).
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T able 3.10 C om parison o f  Pre-exponential Factor and Activation Energy for D ifferent 


















LP 5.9 x 104 45 1.01 4.67
1-D SPFR 8.5 x 104 45 1.45 6.72
2-D  SPFR 8.0 x 10s 55 1.19 7.75
CHAPTER 4 
T i()2 FILM S FROM PURE TTIP EXPERIM ENTS
In this chapter I analyze the experim ents perform ed by S iefering and G riffin  
w ithout the use o f  carrier gas. T he T i0 2 thin film  growth rates ob tained  by S iefering  and 
G riffin  (1990a) from  pure T T IP  were reviewed in C hapter 2. In those experim ents, the 
T T IP  vapor was transferred from  the constant tem perature glass bottle to the C V D  reactor 
by m eans o f  its ow n vapor pressure, instead o f  using a carrier gas as in the previous 
experim ents. D ifferent th icknesses o f  T i0 2 film s were form ed on a heated substrate using 
different T T IP  vapor pressures, as controlled by the tem perature o f  the glass bottle. The 
results were reported in the form  o f a reaction order plot for four d ifferen t substrate 
tem peratures.
T he reaction m echanism  proposed by S iefering and G riffin (1990a) for pure TTIP  
experim ents is sim ilar to the m echanism  proposed for the carrier gas experim ents. The 
only  d ifference is in the gas phase activation step, which is proposed to occur via a 
b im olecular collision betw een T T IP  and T T IP  to form a reactive interm ediate. 1 will 
exam ine the series o f  m odels described in the last chapter for the C V D  reactor used by 
S iefering and G riffin  (1990a) in order to estim ate the kinetic param eters for the proposed 
m echanism . I will also d iscuss the sensitivity o f the calculated growth rate with respect 
to  the assigned values o f  the kinetic param eters and operating conditions. F inally , the 
k inetic param eters obtained using all three m odels will be com pared and discussed.
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4.1 R eac tio n  M ech an ism
T he elem entary steps proposed in the carrier gas experim ents can be applied to the 
pure T T IP  experim ents, except for the gas phase activation step (cf. R eaction 3.1). For 
pure T T IP  experim ents, S iefering and G riffin (1990a) proposed that activation occurred 
by a collision betw een tw o T T IP  m olecules. In the follow ing sections, I will apply this 
m echanism  using each o f the reactor models.
T he proposed elem entary step for the reaction taking place in the pure T T IP  is:
The rate o f the b im olecular collision between T TIP  and T T IP  to form  the in term ediate 
species I in Reaction (4.1) is assum ed to  have the form:
T he rate constant k , is for second order kinetics. In contrast, the rate constant k r  defined 
in chapter 3 is for pseudo first-order kinetics.
Based on previous results, we also assum e an A rrhenius tem perature dependence:
(4.1)
r ,  = [TTIP]2 (4.2)
(4.3)
w here k,° is the pre-exponential factor in cn f/rno le /s .
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T he rest o f  the reaction m echanism  is the sam e as section 3.1. The adsorption rate 
is expressed in Equation (3.7), and the surface reaction is expressed in Equation (3.9).
A nother difference from  the treatm ent in chapter 3 is the fact that the rate o f  
reaction  at the surface cannot be sim plified as in Equation (3.11). Instead, the full 
L angm uir-H inshelw ood dependence m ust be retained:
r  ,  r ,  h k ' m  (4.4)
K  * * j ( / |
At low  tem perature and high T T IP  inlet pressure, the surface decom position reaction 
becom es rate lim ited and the overall rate saturates. For exam ple, at 493 K and 2 Torr, 
the value o f  k 3 = 1()',H m ole/cm 2/s is m uch sm aller than the value o f k 2[IJ = 1()5 
m ole/cm 2/s.
4 .2  L u m p e d  P a ra m e te r  M odel
In this section I first derive the species balance equations for the pure T T IP  
experim ents using the LP m odel. T he reaction m echanism  described in section 4.1 is 
incorporated  into the species balance equations. The gas-phase rate constant in the 
proposed m echanism  will be estim ated by com paring with the grow th rates m easured by 
S iefering and G riffin (1990a). Then, 1 will present the concentration behavior for T T IP  
and interm ediate. F inally , the sensitivity o f the growth rate and kinetic param eter to the 
m odel assum ptions will be discussed.
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4.2.1 G o v e rn in g  E q u a tio n s
T he species balance equation fo r T T IP  (species A) is:
Q(CA -  C J  = -  V k t ' c l (4.5)
w here k ,u> will be defined below . The right side o f  the equation assum es a second-order
dependence on T T IP  concentration, in contrast to the first-order dependence assum ed 
when analyzing the carrier gas experim ents.
T he species balance equation for the interm ediate (species B) is:
w here k 2lp is defined as in Equation (3.18). The last term  in Equation (4.6) introduces 
a new  variable, C B\  w hich represents the interm ediate concentration at the surface. D ue 
to the saturation effects at the high TTIP pressure, we can no longer assum e that this 
concentration is zero.
T he addition o f the new variable C BS in Equation (4.6) m eans that a third species 
balance equation m ust be added. The species balance equation for the in term ediate 
(species B) at the surface is:
q c b = V k f c l  -  A k ! f ( C B -  C SB) (4.6)
(4.7)
I will keep the A rrhenius dependence for k 3 (cf. Equation 3.10).
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Finally, the T iO z film grow th rate is given by:
G = r2 = (4.8)
k + k2CB
The new param eter k,LP is defined identically to k ,1'1’ in Equation (3.16):
k "  =
V
/e x p
R T \V ))
d V (4.9)
The value o f  k,u‘ predicted by Equation (4.9) fo r the present cold-w all reactor geom etry 
is d ifferent for d ifferent substrate tem peratures. The ratio between the k ,1'1’ and the value 
evaluated at the substrate tem perature is defined to be y. T he value o f y  is listed in 
Table 4.1 for each substrate tem perature.
4.2.2 Parameter Estimation
Siefering and Griffin (1990a) have determ ined values fo r the param eters E 3 and 
k3". In this section we will determ ine a value for E, and k,“, using the m ore accurate LP 
m odel with the m ethods described below.
I proceed by solving Equations (4.5), (4.6), and (4.7) using the m ethod o f  
successive approxim ation. The param eters values are listed in Table 3.1. F irst we solve 
Equation (4.5) for the T T IP  concentration (C A). Using a trial value o f C „, w e next solve 
Equation (4.7) for the interm ediate concentration at the surface (C „s).
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T able  4.1 Sum m ary o f y  values for each Substrate Tem perature using the 1-D SPFR 
T em perature Profile in Pure T T IP  Experim ents
Substrate 
T em perature (°C)
Substrate 







Finally, 1 solve Equation (4.6) for the new  value o f  C„ using the values o f  C A and 
C „R. I repeat the procedure until the value o f C„ has converged. T he T i0 2 film  grow th 
rate is then determ ined by Equation (4.8).
The entire process is repeated using d ifferent values o f E, and k,°, and the 
op tim um  value is chosen to fit all the experim ental data. T his procedure y ields optim ized 
values o f E , = 45 kJ/m ole and k," = 4.0 x 10" cnrVmole/s. The coefficien t o f 
determ ination is about 0.8. T h e  calculated growth rates are com pared to the m easured 
values in F igure 4.1.
4.2.3 C o n c e n tra tio n  B eh av io r
T he calculated T T IP  concentration as a function o f  inlet T T IP  pressure is shown 
in F igure 4.2 for four d ifferen t tem peratures. The dim ensionless T T IP  concentration 
(C A/C Al,) is close to unity at low  TTIP inlet pressure for all four substrate tem peratures. 
On the o ther hand, the value decreases to about 0.87 at the highest operating tem perature 
(573 K) and pressure (2 Torr). T his is the result o f  the second-order kinetics. In contrast, 
fo r the carrier gas experim ents the calculated dim ensionless T T IP  concentration was 
independent o f T T IP  inlet pressure, because o f the assum ed first-order dependence.
F igure 4.3 show s the d im ensionless concentration o f  the interm ediate in the bulk 
(C„/CAll) and at the surface (CH7 C Ao) calculated for different inlet T T IP  pressures. A t low 
inlet T T IP  pressure, both d im ensionless concentrations increase linearly with increasing 
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H ow ever, the surface concentration is m uch low er because the L angm uir- 
H inshelw ood surface reaction is in the first-order regim e (k, > k2 C ns). As inlet TTIP 
p ressure increases, the surface begins to saturate (k, < k2 C,,5). As the surface becom es 
b locked, this causes first C„s and eventually  C„ to increase sharply. At the highest inlet 
T T IP  pressures, C„s approaches C B.
4 .2 .4  D iscussion
T he uncertainty associated with the optim ized value o f k," can be estim ated in the 
sam e m anner as in section 3.2.3 using the sensitivity inform ation listed in Table 4.2. The 
second colum n is defined sam e as Equation (3.19). The third colum n, Skl/X, show s the 
sensitiv ity  o f  k," to uncertainties in the param eters o f  interest, defined as follows:
V  '  " T 2  <4 I0)
Four operating regim es are exam ined for the sensitivity effects. At high substrate 
tem perature and low inlet T T IP  pressure, I note that the sensitivity o f  the calculated rate 
w ith respect to the rate constant, SG/k, is equal to unity. This reflects the fact that the 
calculated  fractional conversion o f  T T IP  is 0.3 percent at these conditions. T his m eans 
that the grow th rate is not conversion lim ited, and is dependent on the rate constant 
associated  with the intrinsic kinetics. This is also reflected by the weak sensitivity  to the 
flow  ra te (cf., S(;/Q = -0.19).
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T able 4.2 Sum m ary o f  Sensitivity Studies for LP M odel in Pure T T IP  E xperim ents
Param eter (X)
Substrate Tem perature, T s = 573 K
PAl, = 0.04 Torr PAo = 2.0 T orr
S(;/X Ski/x S<;/x S|ii/x
k,° 1.00 — 0.58 —
k2csra 0.35 -0.35 0.19 -0.33
Q -0.19 0.19 0.04 -0.06
V 1.00 - 1.00 0.58 - 1.00
A -0.80 0.80 -0.59 1.03
P aram eter (X) Substrate Tem perature, Ts = 493 K
PAo = 0.04 Torr PA(, = 2.0 T orr
So/x ^kl/X S(;/x Ski/x
k,° 1.00 --- 0.00 —
k2(:STK 0.20 -0.20 0.00 —
0 -0.19 0.19 0.00 —
V 1.00 - 1.00 0.00 —
A -0.80 0.80 0.00 —
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Sim ilarly, S(;/kl is equal to  unity at the low substrate tem perature and low  inlet 
T T IP  pressure. It is expected that there should be low er conversion at low er tem perature. 
Thus, the growth rate is also dependent on the rate constant associated w ith the intrinsic 
kinetics. This is also reflected by the weak sensitivity to the flow  rate (cf., SG/y = -0.19).
H ow ever, 1 find that the sensitivity o f the calculated rate with respect to the rate 
constant, SG/kl = 0.58, is not close to unity at high T T IP  inlet pressure and high substrate 
tem perature. This reflects the fact that the calculated fractional conversion o f  T T IP  is 13 
percent at these conditions. This m eans that the grow th rate is starting to becom e 
conversion lim ited, and is only m oderately dependent on the rate constant associated  with 
the intrinsic kinetics. T his is reflected by the m oderate sensitivity to  the flow  ra te  (cf., 
SC/q = -0-04).
Finally, the sensitivity factors are indeterm inate at low substrate tem perature and 
high T T IP  pressure (cf., Ts = 493 K and PAo = 2.0 Torr). This is the saturation region, 
so that the param eters o f the gas phase step do not affect the grow th rate. Instead, the 
grow th rate is determ ined entirely by k3, the rate constant for the surface decom position  
step.
4.3 1-D SPFR Model
In this section I apply the 1-D SPFR m odel to analyze the pure T T IP  experim ental 
results reported by Siefering and G riffin (1990a). I use the sam e m om entum  and energy  
equations from  Section 3.3.2. I m odify the species balance equations fo r the pure T T IP  
experim ents using the reaction m echanism  described in Section 4.1. D ifferences occur
in the reaction terms in the species balance equations and in the boundary conditions o f 
the interm ediate balance equation. I will estim ate the kinetic param eters k," and E, for 
this m odel. T he velocity , tem perature, concentration  profiles will be d iscussed. F inally , 
I will present the sensitivity o f  k,° to various m odel assum ptions.
4.3.1 Transformation Equations
I reduce the 2-D partial differential equations into ordinary  differen tial equations 
in the sam e m anner as Section 3.3.2. T he reactor geom etry o f  1-D SPFR m odel can be 
found in Figure 3.2. The transform ed m om entum  and energy equations are the sam e as 
E quations (3.30) and (3.31), respectively . T he d ifferences occur in the species equations 
fo r T T IP  (species A) and interm ediate (species B).
T he transform ed balance equation for species A becom es:
(4.11)
T he transform ed species equation fo r species B becom es:
T he T i0 2 film  grow th ra te is the sam e as Equation (3.34):
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G  = - D ^  (4.13)
d z
w here G is in term s o f  flux units (1 m ole/cm 2/s = 6.75 x 1()8 prn/h).
4.3.2 Boundary Conditions
T he boundary conditions required to solve the above transform ed balance
equations are m ostly  the same as in Section 3.3.3. At the end o f the inlet tube (z = 0),
the velocities, tem perature, and concentration are governed by Equations from  (3.35) to 
(3.39). At the face o f  the susceptor (z = L), the velocities, tem perature, and concentration  
o f  T T IP  are governed by Equations from  (3.40) to (3.43).
H ow ever, the boundary condition for interm ediate concentration (species B) at the 
face o f the susceptor is different from  Equation (3.44):
d  C  n fcij fC-3 C o , . . . ,
- D  "  = — 2 3 H. (4.14)
d z  &3 +
T he rate at which species B reacts on the susceptor is governed by the Langm uir- 
H inshelw ood rate equation.
4.3.3 Transport Properties
For pure TTIP  precursor, the reactor pressure varies with the pressure o f  TTIP. 
Therefore, the transport properties are dependent on both the tem perature and pressure.





p = 1.52 x Hr* (J? 
Po T  ll>
(4.15)
w here M  is m olecular w eight o f  TTIP (Table 4.3). P„ is the reference pressure o f  1 Torr 
and T„ is the reference tem perature o f 300K.
Both absolute viscosity and therm al conductivity  are independent o f pressure. 
Then, the tem perature dependence o f the absolute viscosity, p , and therm al conductivity , 
k , are based on the C hapm an-E nskog form ula (Bird et al., I960):






‘  ■ Ht' k  = 3.32 x  10 6 I y ,  0̂.5T , calcm  sec K (4.17)
w here both p 0 and k„ are calculated from  the C hapm an-E nskog m ethod at the reference 
tem perature. T he required param eters are listed in Table 4.3. T he heat capacity  o f N2, 
cp, varies only slightly between the inlet and substrate tem peratures. Thus, an average 
value o f  cp is estim ated to be 0.0279 cal/g/K .
Finally , the diffusion coefficient for the gas m ixture T T IP-T T IP  is based on the 
m ethod by Fuller, Schettler, and G iddings (P erry ’s H andbook, Page 3-285). T he required 
param eters are listed in T able 4.3.
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T able 4.3 Physical Param eters o f TTIP
G as T T IP
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D iffusion V olum e, 276
zv (A3)
The tem perature and pressure dependence is expressed as:
D - D ,  ̂ T  ^
\ p ) T\  ° )
«  D  -  8.13 ( P . )
1.75 2cm
k s e c
(4.18)
w here D„ is calculated at the reference tem perature o f  300K, and the reference pressure 
o f 1 Torr.
4 .3 .4  D im ension less G ro u p s
The dim ensionless m om entum  and energy equations are the sam e as Equations 
(3.60) and (3.61). I only need to rew rite the species equations using the d im ensionless 
variables and groups defined in Section 3.3.5. H ow ever, I need to  redefine the 
D iim kohler num ber in Equation (3.59) for the gas phase reaction:
1 C  k °
D a ° = A° 1 (4.19)
8 «„
A t the sam e time, I will introduce a dim ensionless activation energy and D iim kohler 
num ber for the surface reaction:
2 ,  = - 5 -  (4.20)
3 R T 0
T he balance equation fo r species A becomes:
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Pe
1 "6 Ya +
/
0 40 7 <b
4
/ 0 
YA -  Dag2exp
\
(4.22)
T he balance equation fo r species B becomes:
Y b + Da°2exp
Pe
I P e  i  
— -  <|> e Y A = 0
(4.23)
At the end o f  the inlet tube (£ = 0), the velocities, tem perature, and concentration 
are governed by Equation from  (3.64) to (3.66). At the face o f  the susceptor (£ = 1), the 
velocities, tem perature, and T T IP  concentration are governed by Equation (3.67). 





y B = 0  (4.24)
4,3.5 P a ra m e te r  E s tim a tio n
In this section I will determ ine the value for k," and E , using the 1-D SPFR 
m odel. I obtain the velocity , tem perature, and concentration profiles by the m ethods 
described in Section 3.3.5. Using trial values o f k," and E ,, 1 obtain the interm ediate 
concentration profile (see next section). The T i0 2 film growth rate is determ ined using
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Equation (4.13). The process is repeated using different values o f k,° and E ,, and the 
optim um  value is obtained using non-linear regression to fit all the experim ental data.
This procedure yields an optim ized value o f  k," = 5.5 x 10" cm 3/m ole/s and E , 
= 45 kJ/m ole. The coefficient o f  determ ination is 0.855. The calculated grow th rates are 
com pared to the m easured values in Figure 4.4.
4.3.6 1-D P ro files
C alculated 1-D axial and radial velocity profiles are shown in Figure 4.5. Both 
axial and radial velocity  profiles are very sim ilar to the profiles for the carrier gas case. 
Four curves are shown to dem onstrate the effect o f substrate tem perature (220 °C  vs. 300 
°C ) and inlet T TIP  pressure (0.04 T orr vs. 2.0 Torr). These correspond to the range o f 
operating conditions studied by Siefering and G riffin (1990a).
The various operating conditions lead to sm all differences in the calculated 
velocity profiles. Both axial and radial velocity profiles shift slightly tow ard the substrate 
plane with decreasing  tem perature and increasing pressure. These d ifferences appear to 
be due to the change in R eynolds num ber (Re). From  Equation (3.55), R e is directly 
proportional to the reactor pressure and inversely proportional to the tem perature. Thus, 
the R e increases in m oving from  the dashed line to the solid line show n in F igure 4.5. 
L arger R e will lead to larger convective force, so that the inlet m om entum  persists further 
tow ard the substrate.
Figure 4.6 show s the calculated 1-D tem perature profiles for four substrate 
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Figure 4.4 O rder Plot for T i0 2 Film s from  Pure T T IP  Experim ents
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and G riffin (1990a). T he larger inlet TT1P pressure causes the calculated  tem perature 
profiles to shift tow ards the substrate plane for all four tem peratures. T hese d ifferences 
are due to the change in therm al Pelect num ber (Peh). From  Equation (3.56), Peh is 
directly  proportional to the reactor pressure and inversely proportional to the tem perature. 
T hus, the Peh increases in m oving from the solid line to the dotted line show n in F igure 
4.6. L arger Peh will lead to larger convection force, so that the inlet tem perature persists 
further tow ards the substrate.
F igure 4.7 show s the calculated d im ensionless TT1P concentration  profiles 
(CA/C A<>). The concentration decreases from the inlet to susceptor, due to the gas phase 
reaction. The drop o f  concentration is larger at the h igher substrate tem perature, when 
the reaction rate is faster. S im ilar behavior appears here as in Figure 3.6.
Figure 4.8 show s the calculated dim ensionless concentration o f  the in term ediate 
(C B/C A„) at low inlet T T IP  pressure. The concentration is higher at the h igher tem perature 
because m ore interm ediate m olecules are generated. The concentration approaches zero 
near the susceptor because the surface reaction is fast enough to  provide vacant sites for 
m ore interm ediate to react. T he interm ediate concentrations rem ain high at the inlet 
because o f  the large diffusion at low operating pressure.
F igure 4.9 show s the behavior o f  C„/CAo at high inlet T T IP  pressure. T he values 
are dram atically  d ifferent from Figure 4.8. The concentration is m uch higher for the high 
inlet TTIP  pressure, com pared with the low inlet T H P  pressure. T his is because o f  the 
second-order kinetics. The tem perature dependence o f the concentration profile show s 
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Between 220 and 250 °C, the concentration increases with tem perature because 
o f  the increase in gas phase reaction rate. At the sam e tim e, the surface is saturated, 
causing the concentration gradient at the substrate to approach zero. Above 250 °C  the 
concentration decreases with increasing tem perature. T his occurs in spite o f  the increase 
in gas phase activation rate, because the rate o f surface reaction is increasing m ore rapidly 
with tem perature. This also causes the surface to becom e unsaturated, so that the 
concentration o f the interm ediate approaches zero at the substrate.
4.3.7 D iscussion
The uncertainty associated with the optim ized value o f  k," can be estim ated in the 
sam e m anner as in Section 4 .2 .4  using the sensitivity inform ation listed in Table 4.3. 
T w o  inlet T T IP  pressures are exam ined at T s = 573 K for sensitivity effects.
At the low inlet TTIP  pressure, the sensitivity o f  the calculated  rate with respect 
to the rate constant, S(;/kl is equal to unity. This reflects the fact that the calculated 
fractional conversion o f T T IP  is 3% at these conditions. This m eans that the grow th rate 
is not conversion lim ited, and is dependent on the rate constant associated with the 
intrinsic kinetics. This is also reflected by the weak sensitivity to the axial velocity  (cf., 
S<;/u„ = 0.05).
At the high T TIP  inlet pressure, we find that the sensitivity o f  the calculated  rate 
w ith respect to  the rate constant is significantly less than unity (S(;/kl = 0.60). This 
partially  reflects the fact that the calculated fractional conversion o f T T IP  is 13% at these 
conditions. T his m eans that the growth rate is becom ing conversion lim ited, and is only
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T able 4 .4  Sum m ary o f Sensitivity S tudies for 1-D SPFR M odel in Pure T T IP  
Experim ents
P aram eter (X)
Substrate Tem perature, Ts = 573 K
PAo = 0.Q4 T orr PAo = 2.0 Torr
^G/X S m/x Sg/x Ski/x
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m oderately dependent on the rate constant associated with the intrinsic k inetics. T his is 
reflected by the m oderate sensitivity to the axial velocity (cf., S(;/llI) = 0.21). T he loss o f 
sensitivity  to  k," is also due to the increasing sensitivity to the pre-exponential factor for 
surface reaction rate k, (cf.. S(;/k, = 0.25).
Finally, there is very little uncertainty in the estim ated rate constan t associated 
with the diffusivity  at either inlet TTIP  pressure. For exam ple, calculated concentration  
profiles indicate that an increase in the diffusivity w ould be accom panied by a 
com pensating decrease in the concentration o f the interm ediate. As a result, the flux o f 
interm ediate to the surface rem ains relatively unchanged.
4.4 2-D  S P F R  M odel
In this section 1 apply the 2-D  SPFR m odel to analyze the pure T T IP  experim ental 
results reported by S iefering and Griffin (1990a). I use the sam e continuity , m om entum  
and energy equations from  Section 3.4.1. I m odify the species balance equations for the 
pure TriP experim ents using the reaction m echanism  described in Section 4.1. 
D ifferences occur in the reaction term s in the species equations and in the boundary 
conditions o f the interm ediate balance equation. 1 will estim ate the kinetic param eters k," 
and E , for this model. The velocity vectors, tem perature and concentration contours will 
be discussed. F inally, I will present the sensitivity o f k," to various m odel assum ptions.
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4.4.1 A x isy m m elric  B alan ce  E q u a tio n s
The reactor geom etry w as shown in Figure 3.7. The continuity , m om entum  and 
energy equations are the sam e as Equations (3.68), (3.69), and (3.70) respectively. The 
d ifferences occur in the species equations for T TIP  (species A) and interm ediate (species 
B).
T he species equation for species A becomes:
1 8 ,  3  , „  . 1 3
( r V r C A> + T ( Vz C A)  =  — T -r d r  dz  r d r
(_ d C A\ a (  d C A\
D r





T he species balance equation for species B is:
1 3  0 1 0 i 3C '
- - ( r v pC„) + —  (v  C R) = - — \ D r — -  
r d r  dz  r  0 r l  dr dz
0 C fl'| 
D  5I 3z J k  C z (4 -26^
The T i0 2 film  growth rate is sam e as Equation (3.74):
G = - D
dn
(4.27)
w here G is in term s o f flux units (1 m ole/cm ?/s = 6.75 x 10s um /h). H ere n  is the 
outw ard norm al to the reactive o r susceptor surfaces.
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4.4.2 Boundary Conditions
The boundary conditions required to solve the above transform ed balance 
equations are m ostly  the sam e as in Section 3.4.2. The velocities and tem perature are 
governed by Equations (3.75) to (3.79). The species concentration for non-reactive 
surfaces are governed by Equation (3 .SO). For the inlet, they are governed by Equations 
(3.83) and (3.84). The boundary condition for the TTIP (species A) at the susceptor 
surface is governed by Equation (3.81).
H ow ever, the boundary condition for the interm ediate (species B) at the susceptor 
is d ifferent from  Equation (3.82):
dC„ k~k?CR
D  -  = __ 2 3 B (4.28)
d n  k3 + k2CB
T he rate at which species B reacts on the susceptor is governed by the Langm uir- 
H inshelw ood rate equation.
4.4.3 Parameter Estimation
In this section I will determ ine the values for E, and k," using the 2-D SPFR 
m odel. I obtain the velocity  vectors and tem perature and concentration contours by the 
m ethods described in Section 3.4.3. Using trial values o f E, and k,“, I obtain the 
interm ediate concentration contours (see next section). T he average T i0 2 film  growth rate 
is determ ined using Equation (4.27) at the centerline. The process is repeated using
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differen t values o f E, and k,", and the optim um  value is obtained using non-linear 
regression to fit all the experim ental data.
This procedure yields an optim ized values o f E, = 55 kJ/m ole, and k," = 4.8 x K)17 
cm Vm ole/s. The coefficient o f  determ ination is 0.927. The calculated average grow th 
rates are com pared to the m easured values in F igure 4.10.
4.4.4 2-D  P rofiles
A calculated velocity vector plot for pure experim ents is sim ilar to the one shown 
in Figure 3.9 for the carrier gas experim ents. This is because we have the sam e reactor 
geom etry and boundary conditions.
Figures 4.11 and 4.12 com pare the calculated 2-D tem perature contours for two 
substrate tem peratures (Ts = 220 °C and Ts = 300 °C) studied by S ielering and Griffin 
(1990a). T he tem perature of the walls is 100 °C. The tem perature over m ost o f the inlet 
region is below  120 °C for both substrate tem peratures. The tem perature o f  the end o f 
the inlet tube is about 130 °C for Ts = 220 °C, but the tem perature o f  the end o f the inlet 
tube is about 150 °C  for T s = 300 °C.
Figures 4.13 and 4.14 show the calculated dim ensionless 2-D T T IP  concentration 
contours (Ca/C Ah) for the two substrate tem peratures (Ts = 220 °C  and T s = 300 °C). The 
concentration decreases from the inlet to susceptor, due to the gas phase reaction. The 
drop o f  concentration is larger at the higher substrate tem perature, when the reaction rate 
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Figure 4.13
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D im ensionless T T IP  C oncentration C ontours (CA/C A„) for 2-D  SPFR M odel 
o f Pure T T IP  experim ents at Substrate T em perature o f 220°C  and Inlet 






D im ensionless T T IP  C oncentration C ontours (CA/C Ao) for 2-D SPFR M odel 
o f  Pure TTIP  experim ents at Substrate Tem perature o f  300°C  and Inlet 
T T IP  Pressure o f  2.0 T orr
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than unity due to the D anckw erts’ boundary condition. T he contours rem ain quite 
uniform  near the susceptor and the outlet regions. The CA/C Ao near the susceptor fo r Ts 
= 220 °C  is 0 .92, but the CA/C A(, near the susceptor for T s = 300 °C is 0.78.
Figures 4.13 and 4.16 show the calculated dim ensionless concentration o f  the 
interm ediate (C„/CA„) at low inlet T T IP  pressure (0.04 Torr) for substrate tem peratures 
o f  220 and 300 °C, respectively. The concentration is higher at the h igher tem perature 
because m ore interm ediate m olecules are generated.
At the substrate tem perature o f 220 °C, the m axim um  value o f C n/C A(, = 1.2 x 1 (V5 
near 4.8 cm  from  the substrate. At a substrate tem perature o f 300 °C, the m axim um  
value o f  C„/CAo ~ 2.6 x 1 0 s near 4.0 cm  from  the substrate.
The concentration approaches zero near the susceptor because the surface reaction 
is fast enough to provide vacant sites for m ore interm ediate to react. T he interm ediate 
concentrations rem ain high at the inlet because o f the large diffusion at low operating 
pressure. T he concentration gradient tow ards the substrate is higher for T s = 300 °C  than 
Ts = 220 °C, reflecting the h igher growth rate.
F igures 4.17 and 4.18 show the behavior o f C„/CAl, at high inlet T T IP  pressure for 
substrate tem perature o f 220 and 300°C. They are dram atically  different from  Figures 
4.13 and 4.16. The interm ediate concentration is m uch higher for the high inlet T TIP  
pressure, com pared with the low inlet TTIP  pressure. This is because o f the assum ed 
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A t substrate tem perature o f 220 °C, the surface is saturated, causing  the 
concentration  gradient at the substrate to approach a constant value. On the o ther hand, 
the concentration contour o f interm ediate at substrate tem perature o f  300 °C  is very 
different. The rate o f  surface reaction is increasing m ore rapidly with tem perature. T his 
causes the surface to becom e unsaturated, so that the concentration o f the interm ediate 
approaches zero at the substrate. A m axim um  value o f C M/C A(, ~ 0 .02 occurs near 0 .8  cm  
from  the substrate.
F igure 4.19 show s the calculated growth rate profiles for tw o substrate 
tem peratures (220 vs. 300 °C) and tw o inlet T T IP  pressures (0.04 vs. 2.0 Torr) studied 
by S iefering and G riffin (1990a). T he behavior described in Section 3.4.4 can be applied 
to the low inlet T T IP  pressure (0.04 Torr) for both substrate tem peratures. On the o ther 
hand, the grow th rate profiles are very uniform  for the high inlet T T IP  pressure and low 
substrate tem perature, due to the saturation effect.
4.4.5 Discussion
T he uncertainty associated with the optim ized value o f k," can be estim ated in the 
sam e m anner as in Section 4 .2 .4  using the sensitivity inform ation listed in Table 4.5. 
T w o inlet T T IP  pressures are exam ined at Ts = 300°C  for sensitivity  effects.
At the low inlet TTIP  pressure, the sensitivity o f  the calculated rate with respect 
to the rate constan t, S(;;kl, is unity. This reflects the fact that the calculated fractional 
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Table 4.5 Sum m ary o f  Sensitivity  S tudies for 2-D  SPFR M odel in Pure T T IP  
E xperim ents
Param eter (X)
Substrate Tem perature, Ts = 300°C
PAo =  Q.04 T orr PAo = 2.0 T orr
Sfi/X Ski/x Ski/x
K
G as Phase 
Reaction
1.00 — 0.51 —
Surface
Reaction








-0.03 0.03 0.04 -0.07
Li
Length o f 
Inlet Tube
0.03 -0.03 0.02 -0.05
L is
D istance from  
Inlet Tube to 
to  Susceptor
0.23 -0.23 0.35 -0.69
R w s
D istance from  
R eactor W all 
to  Susceptor








-0.08 0.08 -0.07 0 .14
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is not conversion lim ited, and is dependent on the rate constant associated with the 
intrinsic kinetics. T his is also reflected by the weak sensitivity to the axial velocity (cf., 
S(;/U(1 = -0.01).
At the high T T IP  inlet pressure, I find that the sensitivity o f  the calculated rate 
w ith respect to  the rate constant is significantly less than unity (S(;/k) = 0.51). This 
partially  reflects the fact that the calculated fractional conversion o f  T T IP  is 24% at these 
conditions. T his m eans that the growth rate is becom ing conversion lim ited, and is only 
m oderately  dependent on the rate constant associated with the intrinsic kinetics. This is 
reflected by the m oderate sensitivity to the axial velocity (cf., S(;/u„ = 0.27). The loss o f 
sensitiv ity  to k,° is also  due to the increasing sensitivity to the pre-exponential factor for 
surface reaction rate k, (cf., S(;/k3 = 0.38).
For low inlet T T IP  pressure, it is not very sensitive to any param eter. This is due 
to  d ifferential conversion and is gas phase reaction lim ited. O n the o ther hand, the pre­
exponential factor, k," is very sensitive to k3 at high 'IT IP  inlet pressure. T his is because 
the substrate surface reaches saturation at this regim e. At the same tim e, k," is sensitive 
to the axial velocity and the d istance betw een inlet plane and substrate. This is because 
both param eters are related to the residence time.
4.5 Com parison o f Different Reactor Models
I have exam ined three reactor m odels in the last three sections (i.e., the LP, 1-D 
SPFR, and 2-D  SPFR m odels). T he assum ptions involved for each m odel can be found 
in Sections 4.2, 4.3, and 4.4, respectively. The concentration profiles o f  T T IP  and the
interm ediate species are com pared for all three m odels. F inally, 1 com pare the optim ized 
pre-exponential factor and activation energy obtained using each model.
4.5.1 Concentration Profiles of TTIP and Intermediate
T he concentration profiles for all three m odels are obtained based on equal growth 
rates. T his requires d ifferent optim ized pre-exponential factor values o f k," and E,. The 
details o f the param eter estim ation can be found in Sections 4.2.2, 4.3.5, and 4.4.3 for the 
LP, 1-D and 2-D  SPFR m odels, respectively.
C oncentration o f  T T IP . The concentration profiles o f T T IP  (species A) for all 
three m odels are shown in Figures 4.20 and 4.21 at two different substrate tem peratures. 
T he concentration profiles obtained by 1-D and 2-D m odels are quite sim ilar, and both 
are low er than the LP m odel. T he average concentration profile obtained by the 2-D 
m odel is higher than the 1-D m odel.
Both 1-D and 2-D  m odels predict a m odest axial concentration gradient, with a 
m axim um  variation o f 40% . For exam ple, the T T IP  varies from 0.97 to 0.92 betw een the 
inlet plane and the substrate for T s = 220 °C. The T T IP  varies from  0 .93 to 0.77 betw een 
the inlet plane and the substrate for Ts = 300 °C. The m odest gradients reflect a high 
value o f diffusivity.
C oncentration o f In term ediate. Figures 4.22 and 4.23 show the concentration 
profiles o f interm ediate (species B) at tw o different substrate tem peratures for all three 
m odels. At substrate tem perature o f  220 °C, the concentration for all three m odels 
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other hand, the concentration for all three m odels reaches zero at the substrate surface at 
substrate tem perature o f 300 °C. This is because the interm ediate reacts very fast at this 
tem perature.
4.5.2 Kinetic Parameters
The com parison o f  pre-exponential factor and activation energy for the three 
reactor m odels is listed in Table 4.6. T he first two colum ns list the optim ized values o f 
k,° and E, for each m odel. As discussed above, I use the value o f the activation energy 
determ ined in 1-D SPFR model (cf., Section 4.3) for the LP model.
T he value o f the activation energy for the 2-D SPFR m odel is determ ined in 
Section 4.4. This accounts for m ost o f the difference in k," value for the 1-D and 2-D 
m odels. In addition, the m ain difference am ong all three m odels is the activation energy, 
and the d ifference o f  the activation energy between 1-D and 2-D m odels is 10 k.I/mole.
T he difference in the activation energy is caused by the tem perature profiles from 
the different m odels. The value o f y depends on the substrate tem perature (cf., Table 
4.7). The tem perature profile is d ifferent for 1-D and 2-D  SPFR m odels. The difference 
o f  activation energy from the arrhenius plots for y,_„ and y2_n is about 8 kJ/m ole. 
Therefore, it is consistent with the activation energy for the rate constant.
S iefering and G riffin (1990a) reported the activation energy for the T T IP  gas phase 
decom position was 35.2 kJ/m ole. This is sm aller than the value obtained using our 2-D 
SPFR m odel. Those authors did not include the tem perature efficiency factor for the 
lum ped param eter reactor, y, when they analyzed their results. Because y itse lf is
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T able 4.6 C om parison o f  Pre-exponential Factor and A ctivation Energy for D ifferent 










Rate C onstant 
at 220°C, 
k ,(220°C )  
(c m ’/m ole/s)




LP 4.0  x 10" 45 6.82 x 10*’ 3.16 x 107
1-D SPFR 5.5 x 10" 45 9.38 x H)" 4.35 x 107
2-D  SPFR 4.8 x 1012 55 7.14 x 10° 4.65 x 107
Table 4.7 Sum m ary o f y V alues for D ifferent Substrate T em peratures and R eactor 
M odels in the Pure T T IP  Experim ents
Substrate 







decreasing  function o f tem perature (cf.. T able 4.7), its neglect will lead to an erroneously 
sm aller value o f  the activation energy.
T he last two colum ns in Table 4.6 show the rate constant k, evaluated at 220 and 
300 °C, based on the param eter values for each m odel. The rate constant obtained by the 
2-D  SPFR  m odel should be the best estim ate, because this m odel includes both axial and 
radial gradients, as well as the m ost accurate treatm ent o f  wall effects.
The values for each tem perature are fairly consistent. The LP model differs from 
the 2-D  m odel by 5 to 31 % fo r 220 to 300 °C. On the o ther hand, the 1-D m odel 
d iffers from  the 2-D m odel by 32 to 7 % for 220 to 300 °C. These variations are well 
w ithin the lim its o f  uncertainty for each model.
4.6 Comparison of Different T i()2 Thin Film Experiments
I have exam ined two reaction paths to produce T i0 2 thin film s. In C hapter 3, I 
estim ated the pre-exponential factor for the gas phase reaction in the carrier gas 
experim ents. Siefering and G riffin (1990b) described the gas phase collision between 
T T IP  and N2, with a rate constant, kr ,.„VN2. Due to lim itations in their m odel, they were 
unable to report an absolute value for krn ,,/N2.
In m y work, I defined a pseudo first-order rate constant, kr, that incorporates the 
N2 concentration. I now define k°-m ,,/N2 as the pre-exponential factor for the rate constant 
o f  T TIP  and N2. Therefore, I can relate k"rm./N2 1° kr" using Equations (3.4), (3.5), and
(3.6), based on N2 pressure o f  5 T orr and tem perature o f 300 °C. The values o f  k'’.m i>/N2 
derived from  the carrier gas experim ents using three reactor m odels are listed in the 
m iddle colum n o f T able 4.8.
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Table 4.8 C om parison o f Pre-exponential Factors for the C arrier G as and Pure T T IP  
Experim ents
R eactor Model C arrier G as Experim ents 
k n  wN2n (cm 7m ole/s) 
(C hapter 3)
Pure T TIP  E xperim ents 
k n n ’/rn i' (cm  /m ole/s) 
(C hapter 4)
LP 4.2 x 10" 4 .0  x 10"
1-D SPFR 6.1 x 10" 3.5 x 10"
2-D  SPFR 3.7 x 1()'2 4.8 x 1()12
In the earlier sections o f  this chapter, I estim ated the pre-exponential factor for the 
gas phase reaction in the pure T T IP  experim ents. In this case, S iefering and G riffin 
(1990a) proposed the lim iting gas phase elem entary step was a collision betw een T T IP
exponential factor for the rate constant o f  TTIP-TTIP collisions. T herefore, k V iip n -n r 's 
the sam e as k ,"  listed in T able 4.6. These values are reproduced in the third colum n o f  
T able 4.8 for the three reactor m odels.
T he rate constants for the carrier gas experim ents and the pure T T IP  experim ents 
agree to w ithin 20 percent. T his differs from  the conclusion o f S iefering and G riffin , who 
reported  that k rrnVN2 was 2.5 tim es sm aller than krm >rm[>- Part o f  this d ifference m ay be 
caused by the fact that the carrier gas experim ents were perform ed at significant extents 
o f  conversion. S iefering and G riffin did not incorporate the TTIP  conversion in their 
analysis (i.e., they im plicitly  assum ed differential conversion).
T he absolute collision efficiency can be discussed in term s o f  the steric factor, p 
(G ardiner, 1972):
and TTIP, with a second-order rate constant, k m i>Ann>- I also define k"-m i>/-m i> as the pre-
T r iP /T T /Pmp/rnp (4.29)
H ere Z Tm,nTn, is hard-sphere collision frequency factor (m olecular units):
Z
t u p / t u pmpiTTip
p  mpimp
(4.30)
w here k is the B oltzm ann’s constant (1.38 x 10 lf’ g cm 2 s 2 K '), p,,. is the reduced m ass 
o f  collision  pair, and is related to the characteristic collision diam eter. T he latter tw o 
param eters are defined below:
In this calculation, we have Mr m , = 284.25 g/gm ole and assum e o rm , = 8.8 A, estim ated 
from  the density  o f  liquid T TIP  (0.995 g/crn’). A fter converting to the m olar units, this 
yields Z r m, = 4.36 x IO14 cnrVmole/s. Using the pre-exponential factor from  2-D  
SPFR m odel, the absolute steric factor is about 0 .0 1; i.e., the reactive cross section is 
100X sm aller than the kinetic theory cross section. A list o f  steric factors for the 
bim olecular gas reactions can be found in T able 4.1 o f G ardiner (1972). T he range o f 
p  values lies between 1.0 and 0 .00001 , with the m ost com m on values around 0 .01 . In 
general, sm aller values o f p are associated with m ore com plex m olecules.
T he present results can also be expressed in term s o f the relative collisional 
efficiency o f T T IP  and TTIP  vs. TTIP  and N2. The relative efficiency, is defined




777P/W2 TTIPIN2 mp/mr\2 (4.33)
( mp/nip / ^V -m P IT T lP )  I, °TriP IN 2
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In this calculation, we obtain g N2 = 3.6 A from Bird et al. (I960), and use the 2-D values 
for K ri“i'iiVN2 ai'd  R 'rni'/rrip* I his yields (|) \,, 'cmi> — 1.02. This im plies that a collision 
betw een T T IP  and a N2 m olecule is ju st as efficient for activating T T IP  as is a collision 
with a second T T IP  m olecule. This suggests that the T T IP  m olecule is large enough that 
the pattern o f  energy redistribution am ong its internal vibrational m odes is independent 
o f the size o f  the collision partner.
C H A PTER  5
L IT E R A T U R E  R E V IE W  O F  C O P P E R  F IL M S
5.1 A p p lica tio n s o f  C u  F ilm s
C opper film  is a potential m aterial for high perform ance m icroelectronic devices 
due to  its superior electrical and therm al properties. M etallization o r m etallic 
interconnects is the m ajor application. M etal lines connect various transistors, resistor, 
capacitors, and diodes to each other inside com puter chips. M ultilevel m etallization 
(M LM ) schem es are proposed to optim ize the usefulness o f  ULSI devices and circuits 
(S teigerw ald et al., 1993; E isenbraun et al., 1993).
C opper film  is o f  interest m ainly because o f its low resistivity, as well as its large 
electrom igration resistance. C om pared with the main interconnect m aterial (alum inum ), 
copper has close to  60%  low er resistivity  (1.7 pf2-cm vs. 2.6 for Al). In integrated 
circuits (IC), the resistance-capacitance delays and current-resistance voltage drops are 
directly  proportional to resistivities o f m etal lines (Jairath et al., 1993). For the next 
generation o f ICs, faster operating  frequencies and high speed perform ance will require 
the low est resistiv ity  m etal lines.
H igh electrom igration reliability  also needs to be ensured for the h igher device 
densities in next generation ICs. This is because m iniaturization o f  transistors and 
interconnects increases current driving capabilities. Large currents m ust be conducted  
through thinner and longer m etal lines (Chang et al., 1993; N ittaet al., 1993). 
E lectrom igration resistance translates into a large current carrying capability.
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Jairath et al. (1993) reported that electrom igration perform ance o f  copper is 
expected to be m ore than tw o orders o f m agnitude better than alum inum . C opper 
exhibited resistance to electrom igration past 1 x 10'’ A /c m \ w hile Shacham -D iam and 
(1993) reported that the critical current density o f  alum inum  is only 5 x 1()5 A/cnV.
In the design o f  the high perform ance ULSI chips, M LM  schem es are suggested 
to m axim ize the use o f available chip space and m inim ize interconnection length. These 
three d im ensional structures create high aspect ratio vias and contacts, and the design 
rules o r feature width will m ove below 0.3 pm. Therefore, highly pure m aterials like 
copper film s by chem ical vapor deposition (CVD ) are needed for these com plex 
architectures. At the sam e time, CV D  can provide conform al layout for deposition o f  via 
and trench structures (E isenbraun et al., 1993). Device speed can be increased to 1 G H z 
with six to seven levels q f  interconnects.
T here have been several recent reports o f copper used in industry. For exam ple, 
m ost m ajor Japanese chip m akers plan to im plem ent copper in 0.1 pm devices (Singer, 
1993). IBM has fabricated IK  static RAM  with single copper interconnect layer (Singer, 
1993). C opper allow s 1.5 tim es im provem ent in speed. This is because device frequency 
is an inverse function o f  the product o f resistance o f m etal interconnect and the 
capacitance o f the surrounding dielectric m aterials.
5 .2 P re c u rso rs  fo r  C u  F ilm s
High purity copper film s with low resistivity can be deposited by therm al 
decom position o f  m etal-organic copper precursors. The copper precursors are grouped
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into tw o classes based on the Cu oxidation state. The first class is C u(I) com pounds, 
w hich are review ed by Kodas and H am pden-Sm ith (1994). The second class is Cu(II) 
com pounds, which are review ed by Griffin and M averick (1994).
T he C u(I) com pounds com m only contain one anionic ligand (X) and one two- 
electron donor or neutral ligand (L). Beach et al. (1990) reported the first C u(I) 
com pounds to deposit blanket copper film s. T heir Cu(I) com plex is a m etallocene, 
(triethylphosphine)cyclopentadienylcopper(I). Here cyclopentadienyl is the anionic ligand, 
and triethylphosphine is the neutral ligand. This com plex is a solid at room  tem perature.
Since Beach et al. (1990) reported their C u(I) com plexes, m ost researchers have 
concentrated  on the class o f  com plexes with one hexafluoroacetylacetonate (lifac) as the 
anionic ligand. Four types o f com m om ly used neutral ligand are alkyne (2-butyne), 
trialkylphosphine (PM e,), 1,5-cyclooctadiene (COD ), and vinyltrim ethylsilane (VTM S).
R eynolds et al. (1991) reported CVD Cu film growth rates as high as 500 A/min 
in a cold-w all reactor using (hfac)Cu(CO D ). Jain et al. (1991) reported grow th rates as 
high as 9000 A/m in in a cold-w all reactor using (hfac)C u(2-butyne). From  the sam e 
group o f researchers, Shin et al. (1991) reported growth rates as high as 1000 A /m in in 
a hot-w all reactor using (hfac)C u(PM e3).
From  Schum acher, Norm an et al. (1991) reported the copper film  grow th rates as 
high as 1000 A/min in a cold-w all CV D reactor using (hfac)C u(V TM S). T his is 
reportedly  the first liquid C u(l) com plex used for copper m etalization. T he substrate 
tem peratures were between 120 and 420°C  at reactor pressure between 0.1 and 40  Torr.
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Argon carrier gas was bubbled at flow rates between 9.2 and 22.7 seem  through the liquid 
precursor. The vapor pressure o f  (hfac)Cu(V TM S) is about 1.0 T orr at the tem perature 
o f  40°C.
T his type o f C u(I) precursor appears to disproportionate according to the 
stoichiom etry (Doyle, 1985):
2 Cu(hfac)L * Cu + Cu(hfac)2 + 2 L (-5.1)
A ccording to G ladfelter (1993), the interest o f m ost researchers w orking with 
C u(I) com pounds lies heavily on the side o f  precursor developm ent. T he C V D  processing 
conditions for the Cu(I) precursors are not w ell-studied. M any questions about the 
relationship between the surface reaction and operating conditions need to be solved. On 
the o ther hand, C u(ll) com pounds have been studied since 1965. M any efforts have been 
spent to understand the interaction between the film growth rate and processing 
param eters.
For the Cw(II) com pounds, alkoxide, P-ketom ine, and P-diketonate are com m on 
ligands. For the alkoxide ligand, Y oung (1993) recently used C u(II) d im ethylam ino  
ethoxide to deposit copper onto strontium  titanate substrates. For the P-ketom ine ligand, 
F ine et al. (1990) reported that the copper growth rates as high as 700 A /m in in a cold- 
wall CV D  reactor using C u(nona-F)2, which has nine fluorine atom s per ligand. C u(acac)2 
and C u(hfac)2 are the com m on C u(II) P-diketonate precursors.
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T he m ost studied P-diketonate com pound for the C V D  copper is C u(hfac)2. It was 
first used by Van H em ert et al. (1965) to deposit shiny copper film s with reducing agent 
hydrogen:
Cu{hfac)2 + H2 -  Cm + 2H (hfac)  (5.2)
In the absence o f  H2, Tem ple and Reism an (1989) reported copper film s with relatively 
high resistivity  o f  3 to 7 pfJ-cm . K aloyeros et al. (1990) reported copper film growth 
rates as high as 1800 A /m in, and with low er resistivity  (1.9 pQ -cm ). A w aya (1991) 
reported  that the copper film  grow th rate can be increased by the addition o f  w ater vapor.
One disadvantage o f  C u(II) com pounds is that they are all solid at room  
tem perature. It is not easy to control the sublim ation rate o f a solid precursor. Zheng et 
al. (1992) reported a new liquid delivery approach using C u(hfac)2 dissolved in isoproanol 
o r ethanol. They show ed that reproducible and controllable flow rates o f  precursor- 
solvent m ixtures can be delivered to reaction zone.
Lai et al. (1991) reported that the deposition rate o f copper film  reaches a 
saturation lim it at high C u(hfac)2 concentration. They observed a first-order rate 
dependence on the hydrogen pressure, and a rate inhibition in the presence o f excess 
H (hfac). T herefore, they derived a Langm uir-H inselw ood rate expression. R ecently , Kim  
et al. (1993) also reported a sim ilar rate expression for their low pressure results. Both 
kinetic expressions will be discussed and com pared in next section.
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5.3 Previous Mechanism Studies
T w o type o f  m echanism  studies have been reported for the reactions o f  C u(hfac)2. 
T he first type consists o f  desorption studies under ultra high vacuum  (U H V ) conditions. 
R eactants do  not alw ays follow  the sam e pathw ays as those occuring at "norm al" C V D  
pressures. H ow ever, these studies are useful to identify the possible adsorbed species on 
the reactive surface. The second group is the kinetic studies under "norm al" C V D  
conditions. E lem entary steps are proposed to form ulate the rate expression. T he 
param eters from  the rate expression are estim ated from  the experim ental grow th rate.
5.3.1 Adsorption Studies
T w o groups o f researchers have studied the adsorption o f  C u(hfac)2 on d ifferen t 
substrate surfaces under UHV conditions. From  IBM  T.J. W atson R esearch C enter, 
C ohen et al. (1992a; 1992b) studied the m echanism  o f Cu C V D  on Ag and S i0 2 surfaces. 
F rom  A T& T Bell L aboratories, D ubois et al. (1992) and D onnelly  and G ross (1993) 
investigated therm al decom position o f C u(hfac)2 on C u(100), C u (l 11), and T iN  surfaces.
C ohen et al. (1992a; 1992b) reported an absorption and decom position  m echanism  
fo r C u(hfac)2. They used x-ray photoelectron spectroscopy (X PS), high reso lu tion  
electron energy loss spectroscopy (H REELS), and A uger electron spectroscopy (A E S) to 
identify  the surface adsorbed species. These authors proposed the m echanism  as 
reduction o f  C u(hfac)2 to form  adsorbed C u(I)(hfac) and adsorbed (hfac) ligands on the 
A g m etal surface, and subsequent rem oval o f  (hfac) by reduction with H 2. Protonation 
o f  the excess (hfac) ligand was proposed as a rate lim iting step. These authors also
149
studied the adsorption o f  C u(hfac)2 on both Ag and S i0 2 surfaces under the sam e 
conditions. T hey found that C u(hfac)2 is adsorbed intact on S i0 2 surface, in con trast to 
undergoing dissociative adsorption on Ag surface.
D ubois et al. (1992) observed the desorption and dissociation from  the pyrolsis o f  
C u(hfac)2 on both C u(100) and C u (l 11) surfaces betw een 77 and 327 C. T hey  detected 
surface species by reflection-absorption  infrared (RA IR) spectroscopy. They found the 
only  species on the surface was the adsorbed (hfac) ligand. T hese authors did  not observe 
any m olecular C u(hfac)2 o r H (hfac) on the C u(100) and C u ( l l l )  surfaces. Substantial 
carbon contam ination was observed from  the tem perature program m ed desorption  (TPD ) 
in the absence o f H 2.
D onnelly  and G ross (1993) studied the therm al decom position o f  C u(h fac)2 by 
X PS, and TPD . They reported that the Cu was in the +1 oxidation state on the surface. 
T heir explanation is that C u(hfac)2 is d issociatively chem isorbed at room  tem perature, 
w ith one o f the hfac ligands still bound to Cu in a bidentate fashion, and the second hfac 
ligand involved in a surface m ediated reduction o f  C u(II) to Cu(I):
C u(II)(hfac)2w -  Cu (/) {hfac)(a] + (h fac \a) (5.3)
5.3.2 Kinetic Studies
W e first proposed a reaction m echanism  fo r the grow th o f  Cu film s using 
C u(hfac)2 as a precursor (Lai et al., 1991 and Lai, 1991). T he reactions w ere conducted  
under "norm al" CVD  conditions. W e deposited Cu film s on glass substrate under total
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reactor pressure o f 760 T orr in a hot wall horizontal flow  reactor. A m ixture o f  H 2 and 
He m ixture was the carrier gas used to deliver the saturated vapor o f  the precursor from  
the evaporator to the reactor. T he substrate tem perature ranged from  200 to 275 C. T he 
precursor tem perature ranged from  90 to 110 C, and the corresponding p recursor partial 
p ressure was varied from  2 to 10 Torr. T he H2 partial pressure was varied approxim ately  
from  380 to 760 Torr. The flow  rate o f  the carrier gas was varied from  16 to 41 seem . 
T he observed Cu grow th rate ranged from  20 to 120 A /m in.
W e determ ined the reaction kinetics by analyzing the axial th ickness profiles o f 
the Cu film s under these operating conditions. W e reported an activation energy o f  80 
kJ/m ole for the ligand desorption step (see below). For substrate tem perature betw een 
200 and 250 C, the growth rate exhibited saturation kinetics with respect to the p recursor 
concentration, positive reaction order with respect to hydrogen pressure, and negative 
reaction order w ith respect to H (hfac) concentration.
Four elem entary  steps w ere proposed based on the experim ental observations. T he 
first step was irreversible, d issociative adsorption o f  the precursor at a vacant site to form  
Cu film  and adsorbed (hfac) ligands (Reaction 5.4). T he second step was reversib le, 
d issociative adsorption o f the H 2 (Reaction 5.5). The third step w as the recom bination  
o f  the volatile H (hfac) desorbed from  the surface to generate vacant sites (R eaction 5.6). 
T his step was reversible, so that readsorption o f product could cause inhibition o f  the 
overall rate (R eaction 5.7). T he third step was proposed to be the rate lim iting step for 
the overall reaction.
T his m echanism  can be represented:
Cu{hfac)Z(g) -  Cu(s) + 2 (hfac)(a) (5.4)
(g ) "* 2 H (a) (5.5)
(5.6)
H ih ja c)^  -  (h fac\a) + / / (a) (5.7)
U nder these specific operating conditions, the rate expression was expressed as:
T his rate expression was then com bined with a sim ple reactor m odel to analyze 
the m easured grow th rates. By neglecting the gas-phasc cross-sectional concentration  
gradients, the species balance equation for C u(hfac)2 assum es the form  o f  the one 
dim ensional plug flow  reactor m odel with axial dispersion. T he param eters estim ated 
using this integral reactor m odel were:
R  =
k  k  P C
a l  d 2  r H 2 C u(hfac)2 (5.8)
^ d 2 ^ H 2 +  ^ H (h fa c )  + ^ K l ^ ' C u ( h J a c ) 2}
Ki = K2 = o . i  = i .4 *  10
s
^8 molecules 
c m 2 s  atm
= 2.2 x  1023 exp( 80 kJ/mole y molecules 
R T  cm 2 s  atm
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From  previous studies o f  C u(I)(hfac) and (hfac) adsorbed species, K im  et al. 
(1993) recently  proposed a new reaction m echanism  for the growth o f  Cu film s on T iS i2- 
coated Si substrate. In their experim ents, film s w ere deposited on T iS i2 surface under 
total reactor pressure o f 10 T orr in a cold wall vertical flow  reactor with H 2 and A r 
m ixture. T he substrate tem perature ranged from  300 to 400 C. T he precursor 
tem perature ranged from  70 to 85 C, and the corresponding precursor partial pressure 
ranged from  0.16 to 0.71 Torr. T he H 2 partial pressure was varied from  2.5 to 9.5 Torr. 
T he observed Cu grow th rate ranged from  100 to  1000 A/m in.
They reported the overall activation energy is about 75 kJ/m ole for substrate 
tem perature betw een 300 and 350 C. From  350 to 400 C, the growth rate levels o ff  and 
undergoes a transition from  surface reaction to m ass-transfer control. In the surface 
reaction  controlled  regim e, they reported the film  grow th rate was 0.5 o rder in both 
p recursor and hydrogen concentrations.
F ive elem entary steps were proposed in this regim e. The first step was 
d issociative adsorption o f the C u(hfac)2 to form  C u(I)(hfac) and (hfac) adsorbed species. 
In the second step, the surface reaction o f  C u(I)(hfac) form ed Cu film  and (hfac) ligand. 
T he third step was dissociative adsorption o f the H2. The fourth step was surface reaction 
to  form  H(hfac). F inally, volatile H (hfac) desorbed from the surface. U nder their specific 
operating conditions, the rate expression was sim pified to:
K = 5.7 * 10* exp(- 75y e ) V 5pc.,W / 5 <5'9)
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In this d issertation, I will re-exam ine to reaction m echanism  proposed in Lai 
(1991), Lai e t al. (1991), and G riffin et al. (1992), and also the rate expression proposed 
by Kim  et al. (1993). I will then propose a revised m echanism , and test this new 
m echanism  with the results obtained from  our group (Little, 1992; W ang and G riffin , 
1992). L ittle (1992) reported the growth o f  Cu film s on both glass, Si, and T iN -coated 
substrates using C u(hfac)2 under total pressures ranging from 40 to 760 T o rr in a w arm  
wall horizontal flow  reactor with pure H 2. T he substrate tem perature was varied from  250 
to 350 C. T he precursor tem perature w as 80 °C, w hich corresponds to  p recursor partial 
p ressure o f about 0.66 Torr. T he observed Cu growth rate ranged from  20 to  500 A /m in.
5.4 Reactor Modeling
T he reactor configuration used to study the kinetics o f C V D  Cu film s is a 
horizontal reactor in which gas flow  is parallel to the substrate surface (F igure 5.1). The 
susceptor is m ade o f copper, which provides uniform  tem perature. The top and side walls 
are w arm ed with warm  heating oil to prevent condensation o f C u(hfac)2 precursor. T here 
have been various investigations to understand the com plex transport p rocesses in 
horizontal C V D  reactors both experim entally and theoretically. T he m odeling o f  fluid 
flow , heat transfer, and m ass transfer is com plex because o f the num erous physical 
phenom ena occurring  sim ultaneously.
For a com plete three dim ensional lam inar flow m odel, M offat and Jensen (1988) 
explored the effects o f  the side tem perature boundary conditions and natural convection. 
T hey  established w here a full 2D  m odel is not sufficient for Si film deposition from  SiH 4
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Figure 5.1 Horizontal Flow O ver Substrate on Susceptor
diluted in H 2 carrier gas at atm ospheric pressure. They reported that the slow ing dow n 
of the axial velocity near sidew alls could lead to a greater reactant depletion near the 
walls. T hey show ed that 3D transport effects m ay be im portant even in the absence o f 
buoyancy effects. They reported that therm al diffusion could cause non-uniform ity in the 
transverse direction.
R ecently , N arusaw a (1993) extended the above analysis and exam ined the effects 
o f  the (w idth/height) aspect ratio  and the therm al boundary conditions on the d istribu tions 
o f  the film  growth rate. The inverse G raetz num ber m ay account for profile variations 
o f  the film  growth rate due to changes in the inlet gas velocity and physical d im ensions 
o f  the duct.
H ow ever, such com plete 3D m odels are very com plicated and do not provide rapid 
insight into the physical and chem ical processes when, interpreting experim ental 
observations. W ith a proper design o f the reactor, a sim plified 2D m odel should be 
sufficient to describe the experim ents. Therefore, several sim pler 2D analytic and 
num erical m odels were proposed to take account for the actual growth rate distribution 
in horizontal C V D  reactors.
Van de Ven et al. (1986) reported a 2D analytic studies on the gallium  arsenide 
(G aA s) film  grow th rate as function o f both axial and lateral position in lam inar flow  
system s. They reported that R ayleigh num ber (Ra) was a good criterion fo r the 
characterization o f  the flow and grow th rate under non-turbulent conditions with R eynolds 
num ber less than 2300. For Ra less than 700, they showed that the flow was dom inantly  
forced lam inar. They dem onstrated very satisfactory agreem ent between experim ents and
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m odel even without param eter fitting. On the o ther hand, they show ed that free 
convective effects were im portant and strong vortex m otions were form ed for Ra greater 
than 1700.
Van de Ven et al. (1986) also reported that the ratio  o f G rash o f (G r) and R eynolds 
(Re) num bers was not a reliable m easure to characterize the effect o f  natural convection. 
T hey show ed that the aspect ratios larger than four would provide good lateral growth 
rate hom ogeneity  for over 70% o f the susceptor width.
For the 2D num erical m odel, Ouazzani et al. (1988) exam ined the lim itations on 
their assum ptions. They perform ed a system etric num erical study and com pared  with 
experim ental data for the C V D  GaAs by Van de Ven et al. (1986). T hey  show ed that 2D 
m odels can produce realistic predictions only for reactors with large aspect ratios, that are 
operated at subcritical Ra. T hey claim ed that the therm al (Soret) d iffusion m ust be 
included in the model. Furtherm ore, they insisted that velocity corrections fo r finite 
aspect ratios m ust be made. T hey suggested that the buoyancy effects can be significant 
in the entrance region, and 2D m odeling could not correctly predict the grow th rate.
Holstein et al. (1989) studied the effects o f  therm al diffusion using 2D  num erical 
m odel. T heir m odel represented conditions occurring in reactors with large aspect ra tios 
in the absence o f longitudinal roll waves, conductive to the best grow th uniform ity. 
Therm al diffusion was found to be a significant term in the m ass transfer equation, 
decreasing growth rate by about 30% near the front o f the susceptor and by lesser 
am ounts further dow nstream .
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H olstein and Fitzjohn (1989) show ed that fluid flow  in the therm al transition 
regions is influenced by the ratio  o f buoyancy and inertial forces, represented by G r/R e2. 
T hey  reported that gas recirculation in the form  o f transverse roll w aves occurs over both 
the leading and trailing edges o f the susceptor at high G r/R e2. They show ed that 
longitudinal roll waves can arise from  the side wall effects and an instability characterized 
by Ra. T hey suggested that buoyancy effects could be reduced at low pressure.
Fotiadis et al. (1990) and C hinoy et al. (1991) included the therm al radiation 
analysis in their studies. Both studies show ed that the sim ulated tem perature fields were 
closely m atch with experim ental results. They show ed that wall heating had a substantial 
effect on the velocity and tem perature fields. They com pared the tem perature distribution 
along the wall fo r the radiation case with the isotherm al case.
In this w ork, I will apply a sim plified 2D m odel which does not include therm al 
d iffusion and buoyancy effects. I should obtain a reasonable prediction o f the film 
grow th rate in axial direction, due to the low Re and Ra in our reactor conditions. This 
sim plified m odel will be adequate to describe the observed growth rate profiles, which 
are relatively  sm ooth and w ell-behaved. I will assum e a rectangular cross-section, to 
m odel the sem i-circular cross-section used in our horizontal C V D  reactor. T herefore, the 
partial differential balance equations in rectangular coordinates will be used. The 
SIM PLE finite volum e m ethod, developed by Patankar (1980) is used for the 2-D  reacto r 
analysis. P atankar’s SIM PLE num erical schem e has been used by som e authors 
m entioned above (Ouazzani et al., 1988; C hinoy et al., 1991; and N arusaw a, 1993).
C H A PT E R  6
EXPERIMENTAL
In this chapter, I w illd esc rib e  the apparatus and procedure used to prepare copper 
thin film s by chem ical vapor deposition (CVD) for kinetic studies. The C V D  apparatus 
consists o f three m ain parts. The first part is the copper precursor delivery  system , 
described in Section 6.1 and 6.2. These sections describe the handling o f  the carrier gas 
(both H 2 and He), the precursor evaporator, and the FTIR spectrom eter fo r m onitoring the 
precursor concentration. T he calibration  o f the precursor delivery ra te at d iffe ren t points 
o f  the delivery system  is discussed in Section 6.3.
The second part o f the apparatus is the horizontal w arm -w all C V D  reactor itself, 
described in Section 6.4. The next sections are Section 6.5 and 6 .6 , w here I report the 
preparation o f  the substrates used for Cu film  deposition and the thickness m easurem ents 
o f the deposited  Cu film . F inally, the experim ental results in Section 6.7 provide the 
basis fo r the subsequent kinetic analysis (C hapter 7).
6.1 Precursor Source
For all our C V D  Cu film s, copper(Il) hexafluoroacety lacetonate hydrate 
[C u(hfac)2-xH20 ]  is used as a copper precursor. A 25g bottle o f  solid C u(hfac)2 xH 20  
w ith m olecular w eight o f 495.66 g/gm ole is obtained from  Aldrich C hem ical C om pany, 
Inc. Its m elting point is betw een 130-134 °C. This hydrate form  o f  C u(hfac)2 is a green 
crystalline pow er. On the o ther hand, the anhydrous form  o f  C u(hfac)2 w ith m olecular
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w eight o f  477.64 g/gm ole can be obtained from  Strem  C hem icals, Inc. It is a dark green 
pow er with a m elting point o f 91-93 °C.
T he precursor evaporator is shown in Figure 6.1. As the C u(hfac)2 xH 20  is solid 
at room  tem perature, a packed bed evaporator configuration is em ployed  to create  the 
vapor phase o f precursor. T he solid precursor is held by a m etal screen inside a half-inch 
stainless steel tube. The vapor pressure o f C u(hfac)2 was reported by W olf et al. (1972), 
and ranges from  0.9 T orr at 76  °C  to 2.9 T orr at 90  °C. T he standard enthalpy o f 
vaporization is approxim ately 87 kJ/m ole. H ow ever, the m ass transport rate o f  the 
precursor can be varied with d ifferent operating conditions.
T he typical initial w eight and height o f  the solid bed are 2.0 gram  and 3.0 cm , 
respectively. A one-eighth-inch tubing is inserted through the m etal screen, and the 
opening is below  the solid bed. This allow s the carrier gas to pass through the heated 
solid precursor from the bottom  o f the screen. Then, the precursor vapor and the 
carrier gas leave the evaporator through a quarter-inch tubing. T he tem perature o f  the 
evaporator is kept constant with a constant tem perature oil bath by F isher Scientific 
(Isotem p M odel 8000). The tubing around the oil bath is w rapped with heating tapes to 
keep the tem perature 10 °C  above the oil bath tem perature.
Both hydrogen and helium  cylinders from  Liquid A ir Corp. supply the ca rrier gas 
for the C V D  experim ents. The flow rate is controlled by m ass flow  contro llers (M FC ) 
(M KS Instrum ents M odel 1159B), which are calibrated with a burette soap-film  flow m eter 
placed at the reactor outlet. By closing valve 3, I allow  both M FCs to reach steady state 






Figure 6.1 From  C arrier Gas H andling System  to P recursor Evaporator, and then the 
Precursor is M onitored with IR Cell before Entering the C V D  R eactor
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By closing valves 1 and 6 , I allow the carrier gas to pass through the evaporator 
to start the m ass transport rate or film  growth experim ents. I stop the experim ents by 
closing both valves 4 and 5, and opening valve 6  (by-pass). T his by-pass also  allow s 
only the carrier gas to  pass through the reactor region at the end o f  the experim ents.
6.2 Fourier Transform Infrared (FTIR) Spectroscopy
B efore the m ixture o f precursor vapor and the carrier gas enters the reactor, the 
concentration o f the precursor is exam ined using a FTIR  spectrom eter (N icolet 60SX ). 
T he principle o f IR spectroscopy is based on the v ibrational m otion o f bonds betw een tw o 
atom s; i.e., the oscillation o f  atom s around their fixed equilibrium  positions (C onley, 
1966). The gas phase o f precursor can be characterized from  a range o f  IR frequencies. 
T he absorbance at each frequency is deconvoluted from  the in terferom eter signal detected  
by m ercury-cadm ium -telluride detector with resolution o f  5 c m 1.
T he IR cell shown in Figure 6.1 w as designed by Mr. Q ingm ing Zhang o f  our 
group. It is m ade o f an alum inum  tube, and it has two NaCl w indow s tightened with o- 
ring seals at both ends. T he inside volum e o f the IR cell is about 30 cm 3. T he NaCl 
w indow s transm it frequencies from  625 to 4000 cm '1 to characterize the v apor phase o f 
the copper precursor. The IR cell is w rapped w ith heating tape and alum inum  foil to 
keep the cell tem perature at 150 UC. The quarter-inch tubing along the evaporator, in and 
out o f  the IR cell, and the inlet o f  the horizontal CV D reactor are also  w rapped w ith 
heating tape to avoid condensation.
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A w avenum ber o f 1117 cm ' 1 is chosen to m onitor the precursor concentration 
before entering  the C V D  reacto r (Lai, 1991). From B eer's  law, the concentration o f  the 
precursor is approxim ately proportional to the absorbance signal. The calibration curve 
is obtained from  the evaporation experim ents using a cylindrical glass tube sim ilar to the 
C V D  reactor and w hich is cooled to act as a trap. The glass tube is connected to the 
outlet o f the IR cell. T herefore, the am ount o f  the solid precursor collected and the 
absorbance signal are recorded at the sam e time. The concentration o f the precursor (C A) 
in p inole/cm 1 can be expressed in term s o f absorbance (A):
CA = ---------    (6.1)
A 6.02 -  1.58/1
6.3 Evaporation Rate
For the high substrate tem perature experim ents, the precursor tem perature o f  76°C  
is used, and the absorbance o f  0.18 is recorded at 1117 c m 1. Thus, the precursor 
concentration is estim ated to be 3.0 x 1 0 s m ole/cm 2 o r 0 .66 Torr. For the low substrate 
tem perature experim ents, the precursor tem perature o f 90°C  is used, and the absorbance 
o f 0.4 is recorded at 1117 c m 1. T he precursor concentration is estim ated to be 1.0 x 1()'7 
m ole/cm 2 o r 2.3 Torr. In both cases, the precursor pressure is low er than the vapor 
pressure values reported by W olf e t al. (1972). W e suspect that the d ifferences are due 
to the partial condensation inside the IR cell.
T his is confirm ed by m easurem ents by Mr. Reginald Little, another m em ber o f  our 
group. He connected a U -shaped glass tube condenser directly  at the outlet o f  the
163
evaporator. At atm ospheric pressure, the U-tube collected 2.4 m g/m in at a precursor 
tem perature o f  90 °C and H , flow  rate o f  30 seem. The precursor partial pressure is 
estim ated to be 2.9 Torr. T his is m uch c loser to the saturation vapor pressure, based on 
the results o f  W olf et al. (1972).
6.4 Horizontal Warm-Wall CVD Reactor
The Cu film growth rate experim ents are perform ed inside a cold-w all type, 
horizontal flow  reactor system  shown in Figure 6.2. The reactor wall is heated above the 
evaporato r tem perature to avoid condensation o f the precursor. The main reacto r wall is 
m ade o f pyrex glass tube with 2.3 cm  inside d iam eter and 0.1 cm  wall th ickness. The 
inlet o f  the reactor is reduced to 0.7 cm outside d iam eter in order to connect to the 
quarter-inch tubing from the IR cell. An U LTR A -TO R R  union by C ajon C om pany is 
used to connect the m etal and glass tubing with quick and finger-tight assem bly.
T he m ain reactor wall is surrounded by a heating jack e t m ade o f  another 
concentric pyrex glass tube with outside d iam eter o f 3 cm. H eated bath oil at about 80°C  
from  a constant tem perature oil bath flow s between the tw o glass tubes from  the outlet 
to the inlet o f  the reactor. This prevents the precursor from  condensing o r reacting  on 
the w am i reactor wall. T he bath oil is obtained from Fisher Scientific (W hite M ineral 
O il), and has a flash point o f  180 °C. The recirculator is also from  Fisher Scientific 
(lso tem p M odel 8000).
The glass reactor is 23 cm  in length. A 4 cm long copper susceptor is used to 
heat the substrate to deposition tem perature. The susceptor is a 2.3 cm  d iam eter herni-
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Figure 6.2 W arm -W all Horizontal C V D  R eactor with the V acuum  System
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cylindrical block. The substrate is placed horizontally on the flat surface o f this block. 
A 15 cm  long alum inum  block is placed between the inlet and the copper susceptor to 
help to create a uniform  flow  field. The susceptor is heated by tw o 200 W att cartridge 
heaters (W atlow  FIRERO D ). T w o chrom el-alum el therm ocouples placed in the susceptor 
are used to m easure the substrate tem perature. The tem perature can be controlled w ithin 
1°C by adjusting a variable autotransform er and an digital tem perature contro ller 
(O m ega).
A vacuum  system  designed by Dr. Jue W ang o f  our group allow s the reactor to 
be operated  at pressures from  760 T orr dow n to 40 Torr. The reaction product and the 
carrier gas from  the pum p are exhausted to the laboratory hood. A throughput o f  38 seem  
(standard cubic centim eter per m inute) is held constant at all pressures by using the M FC 
(M K S Instrum ents M odel 1159B). The throughput is calibrated by m easuring the vaccum  
pum p exhaust rate with a burette soap-film  flow m eter placed inside the hood. At this 
th roughput and for a substrate tem perature o f 350 °C, the average axial velocity  increases 
from  0.53 to 10 cm /s as the reactor pressure is decreased from  760 to 40 Torr.
6.5 Substrate Preparation
C hem ical vapor deposition (CVD) m ay involve both gas phase and surface 
reactions. In the case o f surface reaction, controlled surface conditions are im portant for 
the film  grow th. Therefore, the source o f the substrate and the cleaning procedure m ust 
be specified.
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T w o types o f substrate surfaces are used for deposition o f Cu Film s. T he first 
type o f  substrate surface is uncoated (i.e., only with native oxide) silicon w afers fo r the 
deposition  tem perature o f  350°C. The second type o f substrate surface is coated with 
45()A thick titanium  nitride (TiN) silicon wafers. A ccording to Little (1992), a m ore 
reactive m aterial like T iN  is required for deposition at the low er tem perature (250°C). 
All the six inch Si w afers were obtained from  Silica-Source Technology Corp.
T he substrates used in the CVD experim ents are 2.6 cm  wide and 4 .0  cm  long in 
o rder to fit the size o f  the susceptor. The Si w afers are broken along the principal crystal 
axis d irections to form  these rectangular pieces.
T he substrate is boiled in trichloroethylene for 10 m inutes, then w ashed with 
deionized water. It is then boiled in acetone for 10 m inutes and rinsed with deionized 
water. B efore the substrate is placed inside the CV D  reactor, it is dried by flow ing  He 
over the surface. After the substrate has reached the desired deposition tem perature from  
the susceptor, the copper precursor is passed over the surface o f  the substrate for the film  
grow th experim ents.
6.6 Thickness M easurement
In general, tw o m ethods are com m only used to m easure the thin film  thickness: 
optical interferom etry and stylus profilom etry. The stylus technique is chosen here 
because it is sim ple and rapid. The m easurem ent is perform ed using a surface profiler 
by T encor Instrum ents (M odel A lpha-Step 200) in Professor Pratul A jm era’s Solid State 
Laboratory in the E lectrical Engineering D epartm ent at L.S.U.
T o m ake a m easurem ent, a baseline on the substrate is required. T herefore, the 
deposited  copper film  is cut using a scalpel knife to locate the baseline. B ecause both 
Si and T iN  surfaces are harder than the scalpel knife, no dam age should be caused on the 
substrate. Seven thickness m easurem ents are m ade at the centerline in the axial direction 
w ith an equal interval o f 0.5 cm . For each axial direction, six additional thickness 
m easurem ents are perform ed in the radial direction for averaging.
A fter locating the m easurem ent position on the X-Y stage, a d iam ond stylus is 
placed on the C u thin film  side by the baseline. The stylus is m oved across the Cu film 
surface and the baseline, and the vertical m ovem ent o f the s ‘y \  . is detected  by a 
transducer. A im age o f the thickness profile across the m easurem ent position is displayed 
on the video screen. The value o f the thickness o f each position is also d isplayed on tiie 
screen. The m inim um  thickness m easured by the surface profiler is about 10()()A.
6 .7  E x p e r im e n ta l R esu lts
Dr. Jue W ang and Mr. Reginald Little in our group perform ed a series o f  CV D  
experim ents at p ressures betw een 760 and 40 T orr and substrate tem peratures o f  350 and 
250 °C. From  the pressure variation experim ents at 350°C , they found that there are tw o 
regim es. T he first regim e show n in Figure 6.3 is considered to be atm ospheric pressure, 
i.e., from  760 to 300 T orr. The other regim e, which we label as low pressure, is shown 
in Figure 6.4. T he results obtained at 250 °C are show n in F igure 6.5. T hese latter film s 
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In the atm ospheric pressure regim e, the growth rate is highest at the leading edge 
o f  the substrate. The rate decays to nearly zero at the end o f the substrate. The film 
grow th rate profile increases with decreasing H2 pressure. This is because the m olar flow 
rate o f  the precursor is increased at low pressure (i.e., due to the higher velocity  through 
the reactor). G row th rates as high as 600 A/m in can be reached at H2 pressure o f  300 
Torr.
In the low pressure regim e, the Cu film  growth rate profile is relatively  uniform . 
It only changes from  125 to 175 A/m in over the 3 cm length o f the substrate. On the 
o ther hand, the grow th rate is four tim es sm aller than the rate at H2 pressure o f  300 Torr. 
T herefore, there m ust be a m axim um  in the growth rate between 40  and 300 T orr o f HL 
pressure.
At the low er substrate tem perature o f 250°C , the Cu film  growth rate profiles are 
quite uniform . They only vary within 10 A /m in over the 3 cm  length o f the substrate. 
H ow ever, the grow th rate is ten times sm aller than the rate at substrate tem perature o f 
350°C.
Dr. Jue W ang in our group perform ed a prelim inary kinetic analysis o f  the 
atm ospheric regim e results. H ow ever, he did not include the effect o f  ligand inhibition 
proposed by Lai et al. (1991). O ur goal in this study is to propose a better reaction 
m echanism  for the experim ental results. W e will support our findings w ith the 2-D 
tem perature and concentration profiles.
C H A PT E R  7
Cu FILMS FROM  W ARM -W ALL EXPERIM ENTS
In C hapter 6 , I review ed the copper thin film  growth rates obtained by Dr. Jue 
W ang and Mr. R eginald L ittle in our group, using H 2 reduction o f  copper(II) hexa- 
fluoroacetylacetonate hydrate |C u (h fac)2]. In those experim ents, the C u(hfac)2 vapor was 
transferred  from  the constant tem perature evaporator to the chem ical vapor deposition 
(C V D ) reactor using H2 as the carrier gas. C hanging the H 2 pressures gave different 
m olar flow  rates o f C u(hfac)2, and d ifferent thicknesses o f Cu film s w ere deposited  on 
a  heated substrate inside the C V D  reactor. T he results w ere reported in the form  o f  a 
grow th rate profile along the axial direction o f the reactor.
In this chapter, I first in troduce a sim ple tw o-dim ensional (2-D ) reacto r m odel for 
our horizontal flow  w arm -w all C V D  reactor to estim ate the kinetic param eters for the 
proposed m echanism . This 2-D  reactor m odel should provide the necessary inform ation 
about the flow , tem perature, and concentration fields. Initially, I use a pow er law rate 
expression to incorporate the surface reaction kinetics into the boundary conditions. 
U sing  the control volum e finite difference m ethod, 1 obtain the surface concentration 
profiles for both C u(hfac)2 and H (hfac) by m atching the m easured grow th rate profiles.
T o  im prove the pow er law  rate expression, I review  the m echanism s for C u(hfac)2 
reduction  proposed by Lai et al. (1991) and Kim  et al. (1993). H ow ever, both o f  the 
prev ious m echanism s are not able to  describe our recent experim ents results. T herefore, 
a non-com petitive adsorption m odel is proposed for the results. T he kinetic param eters
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will be estim ated based on the results at H2 pressures betw een 760 and 40  T orr for tw o 
substrate tem peratures (350 and 250°C). 1 will com pare the m easured and calculated 
grow th rates for different pressures at both high and low substrate tem peratures. F inally, 
I d iscuss the optim ized param eters by com paring with the available literature values for 
the adsorption behavior o f  the reactants and products.
7.1 R e a c to r  M odel
M ost o f  the Cu film s grow th rates m easured by Dr. Jue W ang and Mr. R eginald 
Little were obtained at high reactant conversions (cf., Figure 7.5). T herefore there are 
significant concentration gradients present within the reactor. In order to ex tract kinetic 
param eters from  m easured grow th rates, it is necessary to develop a transport m odel for 
the reactor. T his m odel will relate the concentrations o f reactants and products at the 
substrate surface to the inlet conditions for the reactor, based on the grow th rate at the 
surface.
First, I form ulate the balance equations by expressing the general balance 
equations described in Section 3.3.1 in rectangular coordinates. Then, I w ill specify the 
boundary conditions for the flow , tem perature, and concentration fields. T he reaction 
rates are defined in the boundary conditions for the reactive surfaces. The transport 
properties o f  the H2 carrier gas are determ ined from  the existing literature. In this section, 
w here I only seek to identify the transport effects and concentration gradients w ithin the 
reactor, it is sufficient to use a sim ple pow er law  rate expression to approxim ate the 
observed grow th rate. (M ore realistic rate expressions will be considered in later 
sections.)
The balance equations are solved using the control volum e finite d ifference 
m ethod developed by Patankar (1980). I will present the concentration profiles obtained 
using the pow er law' rate expression with optim ized coefficients. T he results are shown 
for the experim ents perform ed at 350°C, w here a first-order H, pressure dependence is 
observed , and at 250°C, w here 1 find an one-half o rder H2 pressure dependence. In the 
later sections, these calculated gas phase concentrations will be used to evaluate different 
rate expressions based on m ore realistic m echanism  proposals.
7.1.1 B alan ce  E q u a tio n s
T he reactor geom etry is m odeled as tw o parallel plates (i.e., side wall effects are 
neglected). T herefore, I am  able to apply the balance equations in rectangular coordinates 
to describe the behavior o f the reactor vertically  above the substrate (x-com ponent) and 
axially  along the reactor length (z-com ponent). The active geom etry o f the 2-D  HFR 
m odel is chosen to be the region between the channel above the alum inum  block and the 
end o f the copper susceptor (cf. F igure 7.1). Both the inlet and outlet o f  the reactor have 
a w idth o f 2.5 cm. T he length betw een the inlet and outlet is assum ed to be 10 cm. The 
height o f  the reactor is 1.0 cm . The distance from  the inlet to the leading edge o f 
susceptor is 4.0 cm.
The m om entum , energy, and species balance equations in rectangular coordinates 
are developed in the same m anner described by Patankar (1980).
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Figure 7.1 R eactor G eom etry for 2-D  HFR Model
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T he z-m om entum  balance equation is:
d . . d  , . 5—  (p vzvx) + —  (p v zvz) = —  
dx  z dz  dx





The energy balance equation is:
• £ ( P  c„v,T> * | ( P C p v ,J )
d x  I dx dz { dz
(7.4)
T he species balance equation fo r C u(hfac)2 (species A) is:
d , ~ \ d , „  . d—  v ,C j  + — ( v C . ) = —  
d x  x A d z  z A dx
{ a c ^ d { a c . \
D
AH dx
+ —  
dz
D
, AH d z  ,
(7.5)
T he species balance equation for H (hfac) (species B) is:
d / r' \  d /  \ d
d x (v* + s j (v« '  a i
DBH
d C ,  
dx  , dz
DBH
(7.6)
T he Cu film  grow th rate is determ ined from:
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d C A (7.7)
dx
w here (« is in terms o f  flux units (1 m ole/cm 2/s  = 4 .27  x 1()!0 A /m in). Here x is the
outw ard norm al to the reactive or susceptor surfaces.
7.1.2 Boundary Conditions
Boundary conditions are required to solve the above balance equations. The 
velocity  boundary conditions are: no tangential velocity at the walls, block and susceptor; 
no norm al velocity at the w alls, block and susceptor; uniaxial flow at the inlet; and no 
axial gradient at the outlet. For the tem perature boundary conditions, we have fixed 
tem perature at the walls and the susceptor. A short tem perature profile is assum ed along 
the block in front o f  the susceptor. There is no axial gradient at the outlet. The above 







V x  = 0  i V Z = 0  i 7  = 7 ,v ( 7 1 0 )
At the susceptor.
v x = 0  ; Kz = 0  ; 7  = 7, (711 )
At the block,
^  -  0  ; Vz = 0  ; T  = T0 + (Ts -  T ^ e x p t -  /n(L0 -  z)] (7.12)
where m  is a decay constant based on the properties o f  the Al block.
The concentration boundary conditions are based on the rate expression described 
in Section 7.1. The assumption o f  no net normal flux is used on all non-reactive 
boundaries (i.e., walls and outlet). At the reactive surface, C u(hfac)2 (= species A) reacts, 
to form H(hfac) (= species B). T he concentrations across the inlet are assum ed to follow 
D anckw erts’ boundary conditions. The above conditions can be expressed as:
At non-reactive surfaces,
^  = o  (7.13)
dx  dx
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At the reactive surfaces,
At the inlet.
-  Dah—  = G  (7.14)
AU dx
D = _ 2G (7-15)
AH dx
-  CA) = - Da„ ^  (7.10)
u C = - D  —  (7.17)
'  '  * "  d z
7.1.3 Transport Properties
Since the concentration o f  the H? carrier gas is much larger than the precursor, the 
physical properties o f  the gas mixture are based on the H2 carrier gas. First, the
tem perature dependence o f  density is assumed to follow the ideal gas law:
P = I K  (7.18)
R T  cm 3
where M  is m olecular weight o f  H2 and R  is universal gas constant. The temperature 
dependence o f  the absolute viscosity, p, and thermal conductivity, k, are based on the
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experimental data from Kreith and Bohn (1986). The viscosity and thermal conductivity 
are fitted with experimental values by a power law:
where T„ is the reference temperature o f  300K. The heat capacity o f  H2, c p, varies only 
slightly between the inlet and substrate temperatures. Thus, an average value o f  c p is 3.46 
cal/g/K. Finally, the diffusion coefficients for the gas mixture Cu(hfac)2-H2 (DA„) and 
H (hfac)-H2 (D|,„) are based on the Chapm an-Enskog method (Bird et al., 1960). The 
required parameters for the Chapm an-Enskog method are listed in Table 7.1 and 7.2. The 




cm  sec K
Dah = 0.182 (7.21)
(7.22)
where T„ is the reference temperature o f  300K, and P„ is the reference pressure o f  760 
Torr.
Table 7.1 Physical Properties o f  Cu(hfac)2, H(hfac) and H 2
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Gas C u(hfac )2 H(hfac) h 2




Density (g/cm3) 1.349 1.470 —
v n/ v b
(cm 3/gmoIe)
367.4 141.5 —
o (A) 8.752 6.077 2.915
e / k  (K) 781.4 396 38
Table 7.2 Physical Properties o f  G as Mixtures Cu(hfac)2-H2 and H(hfac)-H2
G as Mixture Cu(hfac)2-H 2 H(hfac)-H2
( 1/Mi + 1/M II2) 0.498 0.5008
o iH (A) 5.834 4.496
e iM/K  (K) 172.3 122.7
n I3 (300-700K) 1. 1-0.88 1.0-0.82
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7.1.4 Method of Solution
T he assumed parameters for the 2-D HFR model are listed in Table 7.3. I use a 
control volume-based finite volume method (Pantankar 1980) to solve the partial 
differential balance equations for the velocity vectors, and the tem perature and 
concentration contours. Based on the this method, the partial differential balance 
equations are solved by program SOUR2 described in Chapter 3. The equations are 
discretized into a uniform, rectangular grid with grid spacing o f  0.1 cm. The grid consists 
o f  100 cells in the axial direction and 10 cells in the radial direction. To reach a fully 
converged solution takes about 3 minutes of CPU time and 2000 iterations.
7.2 Transport Effects
From the growth rate results at the substrate temperature o f  350°C, the reactant 
is almost completely consumed. Therefore, a large concentration gradient across is 
expected. To  perform a kinetic studies on CVD copper film, it is necessary to consider 
the transport effects such as velocity, temperature, and concentration.
7.2.1 Velocity Profile
The velocity vectors for the horizontal flow over a heated substrate are shown in 
Figure 7.2. The velocity at the inlet is assumed to be uniform. There is an entrance 
effect near the inlet. The parabolic velocity is observed a few centimeters from the inlet. 
T he velocity is zero at the wall and susceptor surfaces. The velocity vectors move a little 
upward when they approach the heated substrate.
Table 7.3 Parameters for 2-D HFR Model
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Type Parameter
Reactor Geometry Inlet and Outlet Width W  = 2.5 cm
Inlet and Outlet height H = 1.0 cm
Inlet to the Leading Edge 
o f  the Susceptor
L(l = 4.0 cm
Susceptor length L s = 4.0 cm
Inlet to Outlet L = 10 cm
Operating Conditions Inlet Throughput 
Controlled by MFC
Q  = 38 seem
Inlet
Temperature
T p = 80 °C
Wall
Temperature
T w = 80 °C
Substrate
Temperature
Ts = 350 and 250°C
A1 Block Thermal Decay 
Constant
m = 1.17 c m ' 1
Inlet Cu(hfac); 
Pressure
PAl, = 0 .66 Torr
Reactor or  H2 
Pressure








A / I  > 1
V elocity V ector o f  H orizontal Flow O ver a Heated Substrate for 2-D HFR
M odel
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7.2.2 Tem perature Contours
The temperature contours within the reactor for a substrate temperature o f  350°C 
are shown in Figure 7.3. T he temperature at the inlet is 80 °C, and the substrate 
temperature is 350°C. The surface temperature along the A1 block reflects the balance 
between heat conduction from the susceptor and heat loss to the reactor walls. Based on 
visual oberservation, the A1 block becomes hot enough to support m easurable Cu 
deposition at a distance o f  about 1 cm from the leading edge o f  the susceptor.
7.2.3 Concentration Profiles
Because the measured growth rates are available for each set o f  reactor conditions 
that has been studied, it is possible to calculate the concentration profiles for C u(hfac )2 
and H(hfac) without explicit knowledge of the reaction mechanism and rate expression. 
As expressed in the boundary conditions at the substrate surface (cf. Equations 7.14 and 
7.15), it is possible to solve the reactor transport model by setting the diffusive fluxes 
(i.e., which are proportional to the concentration gradients) equal to the observed rate, 
multiplied by the stoichiometric coefficient for the reactant o r  product, respectively. In 
this section, 1 use a simple pow er law expression with a single adjustable param eter to 
represent the empirical growth rate. The present goal is simply to calculate the 
concentration profile, in order to show the magnitude o f  mass transport effects in the 






Figure 7.3 T em perature Profile for 2-D  HFR M odel
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Hiuh Substrate Temperature. For the experiments performed at a substrate 
temperature o f  350°C, I am able to reproduce the observed growth rate using the 
expression:
G -  r x -  k j5QPCu{hfitĉ P Ĥ  (7.23)
A single parameter search provided the optimum value o f  the coefficient:
k350 = 1.96 *  106 — ----- —  (7.24)
min atm 2
High Pressure. At the substrate temperature o f  350°C, 1 observe two 
pressure regimes. The first regime is near atmospheric pressure from 760 to 300 Torr. 
T he results obtained at this regime exhibit clear evidence o f  transport limited effects. In 
Figure 7.4, the measured growth rates are compared with calculated growth rates. I 
observe that as the IT pressure is decreased, the growth rate o f  Cu films increases front 
300 to 600 A/min near the leading edge o f  the susceptor. The increase is mainly due to 
the increase o f  the m olar flow rate o f  the Cu(hfac)2 with decreasing H 2 pressure; i.e., 
since the throughput is held constant, the velocity increases as the pressure is decreased. 
At the same time, the decreasing pressure also causes an increase in the reactant 
diffusivity.
In Figure 7 . 5 , 1 show the dimensionless concentration o f  reactant, Cu(hfac)2, above 
the substrate surface starting from 4 cm in front o f  the substrate to 2 cm beyond the 
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Figure 7.5 D im ensionless C u(hfac)2 C oncentration C ontours (CA/C A(1) for 2-D  H FR
M odel at Substrate Tem perature o f 35()°C and H2 Pressure o f 760 T orr
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substrate. High conversion o f  reactant is calculated at the end o f  the reactor. Due to the 
high conversion,the Cu film growth rate is not strongly sensitive to changes in growth rate 
constant. Therefore, this regime is considered to be near the transport (diffusion) limited 
regime.
In Figure 7.6,1 show the calculated dimensionless C u(hfac)2 concentration profiles 
(CA/C Ao) at the reactive surface, where x = 0.0 cm in Figure 7.5. The C u(hfac )2 
concentration decreases from the inlet to the susceptor due to the surface reaction. At the 
inlet, the C A/C A(, is less than unity due to the D anckw erts’ boundary condition. At the 
substrate temperature o f  350°C, the CA/C Ao approaches zero at the end o f  the reactor.
Figure 7.7 shows the d im ensionless concentration o f  product, H(hfac), above the 
substrate surface starting from 4 cm in front o f  the substrate to 2 cm beyond the substrate. 
The largest concentration gradient also appears near the leading edge o f  the substrate. 
High conversion o f  product is calculated at the end o f  the reactor. This is consistent with 
the high conversion o f  reactant.
In Figures 7.8,1 show the calculated dimensionless H(hfac) concentration contours 
(C„/CAo) at the reactive surface, where x = ().() cm  in Figure 7.7. The C„/CAo at the inlet 
is greater than zero, again due to Danckwerts ' boundary condition. T he H(hfac) 
concentration increases from the inlet towards the substrate due to generation by surface 
reaction, and it reaches its m axim um  value at the outlet o f  the reactor.
Low Pressure. Figure 7.9 shows the low pressure regime at 40 Torr. At 
this pressure the Cu film growth rate profile is quite uniform, and varies only from 150 
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Figure 7.9 Cu Film  G row th Rate Profile at Low  H2 Pressure R egim e
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which is attributed most likely to a non-unifonn temperature profile within the susceptor 
block.
In Figure 7.10, 1 show the dimensionless concentration profiles o f  Cu(hfac )2 (= 
species A) and H(hfac) (= species B) for the 40 Torr experiments. The Cu(hfac)2 exit 
concentration remains quite high, and the fractional conversion is about 10%. Thus, the 
reaction is now kinetically limited, and the Cu film growth rate is sensitive to changes 
in the assumed rate constant. The H(hfac) concentration along the reactor corresponds 
to the stoichiometry described in Reaction (7.23).
Low Substrate Temperature. For the experiments performed at a substrate 
temperature o f  250°C, I am able to reproduce the observed growth rate using the 
expression:
G  = r = k  P  P?,5 (7.25)U  r \ 250 C u(hfac)2 H 2
A single param eter search provided the optimum  value o f  the coefficient:
k2S(j = 6.41 x  104 — ------ —  (7.26)minatm15
At the substrate temperature of 250°C, Mr. Reginald Little in our group deposited Cu 
films at two H 2 pressures (380 and 120 Torr). Figure 7.11 shows the comparison between 
the calculated and measured growth rate. T he difference in the measured growth rate 
between two pressures is only about 20 A/min near the leading edge (i.e., about 40%  o f  
the growth rate at 380 Torr). T he measured growth rate for two pressures at the last 3 
cm  from the leading edge is quite uniform, their difference are only about 5 A/min.
196
Ts = 3 5 0 oC&PH2 = 4DTorr
Al Block Cu S uscep to r
0 .0 .
0 1 2 3 4 5 6 7 8 9 10  
Axial Position (cm )























— •—  Ph2 = 380 Torr 
—■■*— Ph2 = 120Torr
0 1 2 3  4  5 6 7 8 9 10
Axial Position (4  cm  from the susceptor) (cm )
Figure 7.11 Cu F ilm  G row th Rate Profiles at Low Substrate T em perature
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In Figure 7.12,1 show the dimensionless concentration profiles lor both Cu(hfac)? 
(species A) and M(hfac) (species B). The Cu(hf'ac), exit concentration is higher for the 
lower substrate temperature. The fractional conversions o f  Cut It f a d ,  are about 5% and 
30% for 120 and 380 Torr, respectively. At the same time, the fractional conversions of 
H(hfac) are two times higher than the ones o f  Cu(hfac)p. This is consistent with the 
stoichiometry o f  the reaction.
7.3 R eac tion  M ech an ism
The majority o f  previous studies on chemical vapor deposited Cu films have 
concentrated on identifying suitable reaction conditions, and on the characterization o f  the 
deposited films. T w o groups o f  researchers have proposed reaction mechanisms to explain 
their experimental kinetic observations. Both groups used the Cu(hfac)? precursor with 
H, carrier gas.
Lai et al. (1991) was the first group to propose a Langmuir-Hinshelwood rate 
expression. They deposited Cu films at II, pressure o f  760 Torr in a horizontal hot-wall 
reactor. Their conclusion was based on observed saturation effects in the growth kinetics 
at high reactant concentration. Recently, Kim et al. (1993) deposited Cu films at much 
lower II2 pressure (10 Torr) in a vertical cold-wall reactor. They proposed a pow er law 
rate expression, which they justified as the lower coverage limit o f  a Langmuir- 
Hinshelwood mechanism. They also proposed that separate, non-competitive adsorption 













Figure 7.12 Dimensionless Concentration Profiles at the Substrate Surface for 2-D HFR 
Model at Substrate Temperature of 250 C
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In this section, I will attempt to apply both o f  these previously proposed 
mechanisms to the present results. After showing the shortcomings o f  both previous 
m echanisms, I will propose a possible reaction m echanism  that is able to describe our 
results.
7.3.1 Previous Rate Expressions
I first examined the rate expression proposed by Lai et al. (1991), which was 
reviewed in Chapter 3. U nder their specific operating conditions, the rate expression was 
expressed as:
k k  P CR   _________________ a t  d2 112 Cu(hfdc)2_______________ ^  ^
^ d 2 ^ I I 2 +  [ ^ 2  ^ H (h fa c )  +  ^  C u (h fa c ) )
In Chapter 3, the estimated parameters were:
K, - K2 - o-i —  <7-28>s
= 2.2 x  1023 e x p (  -  SOkJ/m ole) molecules {1 29)
R T  cm 2 s  atm
The comparison o f  the calculated and measured results are shown in Table 7.4. However, 
I am unable to obtain agreement with our present observed results. The calculated growth 
rates are much less than the measured growth rates for H 2 pressures from 760 to 300 Torr 
at substrate temperature o f  350°C. On the other hand, the calculated growth rates are
20!
Table 7.4 Comparison o f  Measured Growth Rates and Calculated Growth Rates from 












350 760 45.0 5.1 45.0
540 109.6 12.9 81.6
3X0 192.X 30.4 137.9
300 285.3 50.2 183.2
40 145.7 216.8 150.6
250 380 38.0 222.1 60.0
120 33.0 258.2 24.1
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larger than the measured values for a H2 pressure o f  40 Torr. In addition, the calculated 
growth rates are higher than the measured rates at substrate temperature o f  250°C for all 
H 2 pressures.
I next attempt to improve the fit by keeping the same form o f  the rate expression, 
but optimizing the parameters. First, I assume the adsorption rate is calculated from the 
gas kinetic theory with sticking coefficient o f  unity. T he adsorption rate o f  H(hfac), k a2 
is higher than the adsorption rate o f  Cu(hfac)2, k al. This is because the m olecular weight 
o f  H(hfac) is smaller than the m olecular weight o f  Cu(hfac)2. The activation energy for 
the desorption rate o f  H(hfac), k d2 is kept the same. However, I decrease the pre­
exponential factor to best fit the measured rates. T he optimized parameters are:
kal = 4.1 *  103 —  ; ka2 = 6.4 x 103 —  (7.30)
s  s
k a  .  8.8 *  1016 exp( - g ^ m o te ) " lofec“ f e  (7.31)
R T  cm 2 5 atm
However, the calculated growth rates for substrate temperatures o f  350°C are still under­
predicted when compared with the measured rates at H 2 pressures below 760 T orr (Table 
7.4). Therefore, the reaction m echanism  proposed by Lai et al. (1991) does not satisfy 
our latest measured growth rates.
I then examined the rate expression proposed by Kim et al. (1993), which was also 
reviewed in Chapter 5. Their rate expression was simpified to:
*  = 5.7 x 108 exp(-  75^ ” ° fe)Pn ° 5Pc.(»w,05 <7-32>
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Using (heir parameters, the calculated growth rates are higher than the measured growth 
rates for at substrate temperature o f  330 and 230 C. The comparison o f  the calculated 
and measured results tire shown in Table 7.3.
To improve the agreement between the calculated and measured growth rate, I 
need to decrease the pre-exponential factor and the activation energy. The optimized 
parameters and the rate expression are:
In addition, lutlf-order kinetics for Cu(hfac), are unable to provide a consistent 
relationship between the observed growth rates and the observed fractional conversion for 
several o f  our 33()°C results. Therefore, the reaction mechanism proposed by Kim et al. 
(1993) cannot satisfy our observed growth rales.
7.3.2 N ew  M ec h an ism
T o  develop an accurate kinetic model for the C V D  process, it is necessary to 
propose a reaction mechanism in terms o f  elementary steps. The six proposed elementary 
steps for the reaction taking place in the presence o f  IT  carrier gas are:
R  = 1.3 x  106 ex p (  -  -5 7 ^ .-wo/g \ p  0 . 5  p  0 .5
> l l 2 C u (h /ac)2
(7.33)
r la (7.34)
Cu(hfac)2 w  + 2 6 VI
Cu(hfac)2 + 2 6
(7.33)
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Table 7.5 Comparison o f  Measured Growth Rates and Calculated Growth Rates from 












350 760 45.0 1304.0 102.5
540 109.6 1751.2 137.7
3 SO 192.8 2258.5 177.6
300 285.3 2575.7 202.5
40 145.7 1955.5 153.8
250 380 38.0 323.5 49.8




Whfac)^  +  6VI/ +  0 K /
(7.38)
Hihfac)^ + eK// + eK/ (7.39)
The coverage variables, 0, j, have been subdivided into two groups, reflecting the 
competitive adsorption behavior described below. The surface (hfac) species produced 
by the adsorption o f  Cu(hfac)? or H(hfac) is much more strongly bound than absorbed H 
atoms. Under all o f  the conditions examined below, absorbed (hfac) will almost 
completely displace adsorbed U atoms. Thus, IT adsorption will have little competitive 
effect on those sites were (hfac) adsorption can occur.
However, adsorbed (hfac) groups are likely to require several adjacent Cu atoms 
as their adsorption sites. The lattice statistics o f  multi-site adsorbates imply that perfect 
coverage is not likely to be obtained: i.e., small regions of vacant Cu atoms are likely to 
be exposed at "gaps” between neighboring (hfac) groups that are not perfectly aligned. 
Since (hfac) groups are sterically inhibited from entering these gap sites, IT  adsorption 
can occur non-competitively at these sites.
The result o f  these assumptions is that the surface behaves as if it is comprised 
o f  two types o f  sites which adsorb each reactant non-compelitively (i.e., as originally 
suggested by Kim et al. (1993)). The type I sites represent the m axim um  packing 
efficiency o f  (hfac) groups, while the type II sites represent the remaining surface sites 
that are accessible to IT.
The adsorption rate o f  the C u(hfac)2 (A) to form the adsorbed (hfac) in Reaction 
(7.34) is assumed to have the form:
Reaction (7.33) represents the desorption o f  the adsorbed (hfac) from the substrate 
as Cu(hfac)2. Its rate can be expressed as:
T he adsorption rate o f  the IT  to form the adsorbed II in Reaction (7.36) is 
assumed to have the form:
(7.40)
r , s  =  k , . e lI d  \d (hfac)
(7.41)
(7.42)
Reaction (7.37) represents the desorption o f  the adsorbed I I from the substrate. 
Its rate can be expressed as:
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The adsorption rate o f  the H(hfac) (B) to form the adsorbed (hfac) and H in 
Reaction (7.38) is assum ed to have the form:
(7.44)
Reaction (7.39) represents the desorption o f  the adsorbed (hfac) and H from the 
substrate. Its rate can be expressed as:
r3d ~ ^?d®(hfac)®H (7.45)
In the above equations, P A, P M2 and I*,, are the pressures of Cu(hfac),, H 2 and H(hfac) in 
atm, respectively.
The balance equation for coverage o f  hfac ligand. 9 lhl;u.>. on type I sites is:
(7.46)
Id® (hfac) + ^3a^B®V,I®V.II ^3d®(hfdc)®H ®i  ( fa  
(7.47)
The balance equation for coverage of II atoms. 0 U, on type II sites is:
(7.48)
^•^2a^H2®y.H ^ r2d®H + ^2a^B®V,l®V.Il ^  2d®(hfac)®fl ®
(7.49)
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For non-competitive adsorption, I assume ^v.i + îhiiui -  ^*5 ! or type 1 sites, and 0V„ + 
0i, = 0.5 for type II sites. Therefore, 1 have four unknown coverage variables and four 
balance equations.
7.3.3 K inetic  P a ra m e te r s
The mechanism described above contains six kinetic parameters (rate constants). 
In order to reduce the difficulty o f  the optimization search, assumed values are used for 
several o f  these parameters. The adsorptions o f  Cut hfac),, and ll(hfac) are assumed to 
have unit sticking coefficient (i.e., S = 1). The adsorption rate constant can be calculated 
based on gas kinetic theorv:
k  = 1 ( F )  = 1  
ta 4  4
( 8 R T )
n M t/
0 . 5 cm
Thus, the adsorption rate constant for C u(hfac)2 becomes:
and the adsorption rate constant for H(hfac) becomes:
(7.50)
k la = 4 .80  jc 1022 cm 2 s  ] a t m - 1 (7.51;
= 7.42 jc 1022 cm 2 s  1 a t m - 1 (7.52)
The adsorption and desorption rate constant and the equilibrium adsorption 
constant for IT on clean Cu(l 11) surfaces have been reported by Ovesen et al. (1992).
209
They can be expressed in term o f  an Arrhenius temperature dependence:
k.u  -  5.78 x  1 ( F  exp ' -5 8  kJ/mole 
, R T
cm 2s latm (7.53)
-  1.38 x  1028 exp -1 0 2  kJ/mole 
P I
cm  2s “' (7.54)
K2 -  4.17 x  10 5 e x p f^  atm (7.55)
Since I m ay not have the same surface conditions as reported by Ovesen et al. (1992), the 
adsorption and desorption rate constants may be different from the above values. 1 use 
these values as initial guesses, and then vary k 2., and k 2(, in parallel by keeping K 2 
constant.
The remaining unknown kinetic parameters are the desorption rate constants for 
Cu(hfac); and H(hfac): k a n d  k , (,. These are related through the overall equilibrium 
constant, KC(|. For an assumed value of K,,q, 1 only need to identify one of the remaining 
rate constants.





In this section, I determine the optimized values of k 1(, and k 2ll to use with our new 
proposed mechanism. The parameters are first determined using the calculated surface 
concentrations and observed reaction rates, as discussed in Section 7.1. I then present the 
growth rate profiles calculated by inserting the optimized rate expression into the full 
reactor model (cf. Section 7.1).
7.4.1 I’a r a n ie k T  E stim ates
The kinetic parameter optimization can be performed without solving the full 
reactor transport model for each iteration. Instead, a separate , ' '  zation program was 
developed that uses the calculated surface concentrations o f  Cut hfac)? and ll(hfac) along 
with the measured growth rate at each axial position as the starting data. For each set of  
conditions, the steady-state coverage equations. Equations (7.47) and (7.49) are solved 
using the assumed rale constants.
The calculated coverages are then used to compute the deposition rate o f  Cu film:
(7.5X)
G = 2k, P .Qla A®VJ 2 k ldB(hfac) (7.59)




This procedure yields optimum values o f  kl() and k2.,:
k .d = 2.03 x  1034 e x p f— kJjmole\ c m -2 sec 1 (7.60)id - , R T  j
k ^  = 1.29 x  1022 exp ' 62 kJ/m ole '
/T /’
cm  2 s e c ' 1 a r m ' 1 (7.61)
These results are then used to derive values for k,(, and k2(l:
L d = 6.48 x  1027 exp ( - 101.5 kJImole) 2 i n r o i1 cm  sec U .o~)
R T  )
ku  -  3 .09 x 1026 exp ( -1 0 6  kJ/mole)  „2 i1 cm  sec
R T  j
(7.63)
7.4.2 ( ii row 111 Rule Profiles
The optimized parameters are then checked by incorporating them into the full 
reactor transport modeling program. The comparison of calculated and measured results 
are shown in Table 7.6. In addition, the calculated growth rate profiles are compared 
with the measured results in Figures 7.13, 7.14, and 7.13. Figures 7.13 and 7.14 show 
the results for the 35()"C growth experiments for both the high and low' pressure regimes. 
In particular, the proposed m echanism is able to account for the strong IT dependence 
much better than the half-order rate expression proposed by Kim et al. (1993).
At the same time, our m echanism is also able to reproduce the w eaker H2-ordcr 
dependence observed at 23()"C (cf. Figure 7.13). Our mechanism is also able to
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Table 7.6 Comparison o f  Measured Growth Rates and Calculated Growth Rates from 
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Figure 7.13 Bffeet o f H? Pressures on Cu Film G row th Rale Profiles at High Substrate

















N o n - c o m p e t i t i v e  Adsorption Model 
Ts = 350 °C
Al Block S u sc ep to r
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Figure 7 .14 C u F ilm  G row th Rate Profiles in Low H 2 Pressure Regim e from  the New

















N o n - c o m p e t i t i v e  Adsorption Model 
Ts = 250 °c
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Figure 7.15 Cu Film Growth Rate Profiles for Low Substrate Tem perature from  the 
New Proposed Rate Expression
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qualitative difference between the slopes observed in the two growth rate profiles. There 
is a residual quantitative difference between the slopes of the calculated vs. measured 
profiles. W e suspect this m ay be caused by a small temperature gradient along the 
sample. This would also account for the slight increase in thickness with axial distance 
that appears to be present in the growth rate profile measured at 120 Torr.
7.5 Discussion
The values for the adsorption and desorption rate constants for II2 determined in 
our analysis are similar to those reported by Ovesen at al. (1992) for adsorption on a 
clean Cu(l  11) surface (cf.. Table 7.7). In our model, i am able to retain the same value 
for the equilibrium heat o f  adsorption (44 kJ/mole). It is necessary to increase the 
individual activation energies by 4 kJ/mole, and to decrease the pre-exponential factors 
by about a factor o f  50. At least two physical factors might cause a difference o f  this 
magnitude. The growing Cu surface is likely to contain crystal planes other than the 
(111) surface. In addition, the presence of co-adsorbcd (hfac) species may perturb the 
chemisorption behavior o f  l f 2 relative to adsorption on a clean surface.
T he kinetic parameters for the H(hfac) desorption step (cf. Kquation (7.62)) have 
not been previously determined. The pre-exponential factor is quite reasonable for a 
second-order bimolecular surface reaction, assuming a saturation coverage o f  order K)1,1 
m olecu le /cnr .  The activation energy for desorption (cf. 101.5 k.l/mole) is comparable to 
the sum o f  the desorption energies for adsorbed C H 2= 0  and C H ,0  + FI species on a 
copper surface (67 + 42 = 109 kJ/mole) (Shustorovich et al., 1991). The latter might be
Table 7.7 Com parison o f  Rate Constants for II, Adsorption
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Ovesen el al., 1992 Our Model
k 2a" (cm ’ s ' atm ') 5.78 x 1()‘M 1.29 x 10”
E 2a (kJ/mole) 58 62
k 2(l" (cm '7 s'' a t m 1) 1.38 x 102x 3.09 x 102<’
E 2(l (kJ/mole) 102 106
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taken as a reasonable approximation for the bonding energetics o f  a bi-dentale (hfac) 
group absorbed on the Cu surface.
The kinetic parameters for the C u(hfac)2 desorption step (cf. liquation (7.60)) are 
also previously undetermined. The values reported here are based in part on the assumed 
value o f  the equilibrium constant for the overall reaction. The latter has not been reported 
experimentally, although one group has reported a value for the enthalpy o f  reaction based 
on calorimetric measurements (AHrxn = -85 kJ/mole).
O ur reported activation energy for desorption (244 kJ/mole) may be com pared with 
the heat o f  sublimation for Cu atoms (339 kJ/mole). Using a hond-order conservation 
argument, 1 expect that it will be easier for a surface Cu atom to break its neighboring 
Cu-Cu bonds when there arc absorbed (hfac) groups available to accom m odate part o f  its 
bond order capacity.
C H A P T E R  8
CONCLUSIONS AND RECOM M ENDATIONS
8.1 Summary
TiO , CVD. Recent microelectronic applications o f  T iO , films were reviewed. 
T iO z film provides a high dielectric constant for use in m em ory chip technology. Kinetic 
studies performed by Siefering and Griffin (1990a; 1990b) were described. The T i 0 2 
films were deposited in a vertical cold wall low pressure chemical vapor deposition 
(LPC V D ) reactor using two different precursor delivery methods (i.e., both with and 
without carrier gas).
Carrier gas experiments were performed at substrate temperature o f  3()()°C and 
TT1P inlet pressures from 0.006 to 0.8 Torr under N, pressure o f  5 Torr. Under these 
operating conditions, the reactor order plot showed that the growth rate o f  T i 0 2 is first 
o rder dependent on the TT1P concentration. The surface reaction is very fast, so that no 
saturation effect is observed.
Pure 'IT IP  experiments were performed using substrate temperatures from 220 to 
300 °C and T T IP  inlet pressures from 0.04 to 2 Torr. Low conversion o f  T T IP  was 
observed under these operating conditions. The reactor order plot showed that the growth 
rate o f  T i 0 2 is second order dependent on the I T I P  concentration at low TT IP  inlet 
pressures. The saturation effect is observed at high 'IT IP  inlet pressures.
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Conclusions of this work. Using a series o f  reactor models with different 
levels o f  approximation, I have estimated the kinetic parameters for both carrier gas and 
pure 'IT IP  experiments. The simplest approximation was based on a lumped parameter 
model. The second approximation was based on a 1-D stagnation point flow reactor 
(SPFR) model using a similarity transformation. The most detailed approximation was 
based on a full 2-D SPUR model with a axisymmetric geometry.
The 2-D SPUR model gave the most accurate temperature field, including wall and 
susceptor effects. The 2-D SPUR model gave an improved value o f  55 kJ/mole for the 
activation energy for the gas phase reaction. On the other hand, the 1-D SPPR model 
estimated the activation energy to be 45 k.I/mole. The magnitude of the pre-exponential 
factor is consistent with predictions by collision theory.
Cu CVD. In the second part o f  this dissertation, I reviewed recent applications 
o f  Cu films. Copper is considered to be the most promising advanced conducting 
material for multilevel interconnection application. The kinetic studies based on Lai et 
al. (1991) and Kim et al. (1993) were examined. Hxperimental techniques have been 
developed to study the growth kinetics in a horizontal warm wall reactor. Low resistivity 
Cu films (2.0 pi2-cm, vs. 1.7 p£2-cm for bulk) can be obtained.
The steady state inlet concentration o f  Cu(hfac), in the reactant stream was 
monitored by FTIR spectroscopy. The reactor wall was kept warm up to the evaporator 
temperature to avoid precursor condensation. The reactor pressures varied from 760 to 
40 Torr. The substrate temperatures were 350 and 250°C. The thickness o f  the deposited 
Cu film was measured using a stylus profilometer.
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Conclusions o f  this work. A two-dimcnsion;il horizontal flow reactor 
(1IFR) model has developed to describe the transport effects. The velocity and 
temperature profiles were calculated for the warm wall reactor. T he concentration profiles 
were first obtained using a simple power rate expression to fit the m easured growth rates. 
The calculated surface concentrations of Cu(hfac),, and I l(hl'ac) were then used to evaluate 
more physically realistic rate rate expressions.
At the high substrate temperature (35()"C), the growth rate exhibited first order 
dependence on IT  pressure. A transport limited regime was observed above 300 Torr o f  
I lj pressure. At low If, pressure (40 Torr), 1 noticed that the growth behavior became 
reaction limited. At the low substrate temperature (250' C), the growth rate was no longer 
first order dependent on 112 pressure. The reaction order must be reduced to an half to 
match the measured growth rates.
F o ra  more physically realistic rate expression, a non-competitive adsorption model 
was proposed to describe the measured growth rate. All the species can adsorb and 
desorb from the surface. Tw o types o f  adsorption site tire assumed. Type I sites are 
designated for hfac ligands, and type II sites are designated for II atoms. T he estimated 
kinetic parameters are reported in Section 7.2.3.
8.2 Recommendations for Future Work
TiCF CVD. The gas phase reaction o f  T T IP  above a heated substrate has been 
inferred from the carrier gas and pure TTIP  experiments. We used the reactor transport 
model to get kinetic parameters. The next step is to gain more understanding o f  the gas
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phase reaction. In order to study the interaction between 'IT IP  and N „ we need to change 
the N, pressure in the carrier gas experiments. In addition, we can identify the proposed 
gas phase intermediate and other products using mass spectrometer sampling.
According to the other researchers, water vapor and oxygen have significant 
effects on the growth rate. Therefore, added small amount o f  these species to the existing 
system can provide some insights of their interaction with TTIP.
Cu CVD. Dr. W ang and Mr. Little did a set o f  experiments using a horizontal 
w ann  wall reactor under different substrate temperatures and II2 pressures. I proposed 
a reaction m echanism  to describe their results, and obtained the kinetic parameters using 
a two-dimensional horizontal How model. Lowering the operating pressure can allow us 
to study the reaction controlled regime. Therefore, we can perform more accurate 
reaction order studies on the reactants, Cu(hfac), and lb .  and on- the product inhibition 
by Il(hfac) for testing o f  the proposed rate expression.
Several groups have recently suggested dissolving Cut lilac), in an alcohol solvent 
to improve delivery o f  the reactant. It would be useful to study the influence o f  alcohol 
vapors on the reaction kinetics. Other groups have reported that faster deposition rates 
can be obtained using various Cu(I) precursors. Because these com pounds also contain 
(hfac) ligands, a comparison between the Cu(II) and Cut I) complexes under the same 
operating conditions can give us a better understanding of the reaction mechanism.
In addition to obtaining more information about the chemistry o f  the reaction, it 
would be worthwhile to improve the reactor transport model. Lor integral conversions, 
the Stcfan-Maxwell equations arc more appropriate to describe the multicomponent gas
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mixture than the binary diffusion flux. For both integral and differential conversions, 
thermal diffusion may be important when the temperature gradient is large. It m ay also 
be useful to examine buoyancy effects for high pressure.
Finally, we also suggest to examine issues relevant to the applications in multilevel 
metallization schemes. These include the selectivity, conformality, step coverage, and 
trench filling o f  surface microstructures. It would also be useful to extend our kinetic and 
reactor modeling studies to a commercial single wafer C V D  reactor.
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APPENDIX A
THE SIM PLE ALGORITHM
T he two-dimensional model equations in this work were solved by the control 
volum e based finite difference m ethod introduced by Patankar (1980). T he procedure that 
Patankar (1980) developed for the calculation o f  the flow field has been given the nam e 
SIM PLE, which stands for Semi-Implicit M ethod for Pressure-Linked Equations. The 
sequence o f  this algorithm is given in Chapter 6 o f  Patankar (1980):
1. Guess the pressure field p  .
2. Solve the u  and v m om entum  equations, to obtain u  and v*.
Discretizated M-momentum equation:
a X  = ^ a n b U 'nb +  b  + (p ;  -  p'E)Ae (A . l )
Discretizated v-momentum equation:
a n v n = £  + b  + (p'p -  p'N)An (A .2)
3. Solve the p '  equation.
Discretizated p '  equation:
a pPp ~ a £ p E  + *wPw + GnPn + <*sPs + ^ (A .3)
w here p ' is called the pressure correction.
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4. Calculate p  by adding p* to / / .
5. Calculate u and v from their starred values using the velocity-correction 
formulas:
u  velocity-correction:
Ue = U 'c + d e(Pp ~ P E .> ( A  4 )
v velocitv-correction:
V „  =  Vn +  d n<Pp -  P N )  ( A  5 )
6 . Solve the discretization equation for other (|)’s. such as temperature and 
concentration.
7. Treat the corrected pressure p  as a new guessed pressure p \  return to step 2, 
and repeat the whole procedure until a coverged solution is obtained.
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